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-  OBJECT  - 

The  general  objective  of  this  contract  is  to  make  studies  and  investigations 
related  to  transistors  and  transistor-like  devices,  together  with  their  circuit 
properties  and  applications,  with  a  view  toward  demonstrating  and  in¬ 
creasing  the  practicability  of  their  use  in  operating  equipment. 


This  report  was  prepared  by  Bell  Telephone  Laboratories,  Incorporated 
On  behalf  of  Western  Electric  Company  Incorporated 
222  Broadway,  New  York  38,  N.  Y, 

The  following  engineers  and  scientists  participated  in  its  preparation: 
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K.  E.  Martersteck 


SUMMARY  OF  STATUS 


Work  on  this  contract  is  a  continuation  of  that  carried  out  on  Contract  DA  36-039  sc-89201, 
DA  36-039  SC-88931  and  earlier  contracts  of  this  continuous  series. 

Status  of  Tasks  4  and  9  is  summarized  below.  Tasks  1,  2,  3,  5,  6  and  8  have  been  com¬ 
pleted  as  reported  previously  under  earlier  contracts.  Task  7  is  inactive  by  mutual  agreement. 
A  final  report  is  being  prepared  on  Task  2. 

During  the  period  covered  by  this  report,  1  August  to  31  October  1962  approximately 
1,900  engineering  man  hours  were  devoted  to  work  on  this  contract. 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 

Work  on  the  germanium  1-Gc  power  transistor  and  the  3-Gc  transistor  has  continued. 
Fabrication  of  0.25  watt,  1-Gc  mesa  transistors  to  supply  samples  has  been  stai'ted.  Several 
processing  problems  have  been  solved  so  that  devices  can  now  be  made  in  a  consistent  fashion. 
Power  gain  at  1  Gc  is  low  and  must  be  improved.  Development  of  the  planar  interdigitated 
structure  has  been  reduced  because  of  the  increased  effort  on  the  mesa  structure.  Experiments 
have  been  carried  out  on  the  insulating  oxides,  indicating  pin  holes  and  low  breakdown  of  the 
oxide  after  heat  treatment.  Improved  diffusion  and  evaporation  techniques  have  been  initiated 
in  the  3-Gc  transistor  program.  In  addition,  a  st"dy  of  the  use  of  thermally  deposited  oxides 
and  photolithographic  processes  has  been  started.  The  use  of  the  new  coaxial  power  header 
has  been  delayed  because  of  the  difficulty  in  Obtaining  properly  metalized  beryllia  insulators. 
Recently  obtained  samples  have  shown  improvement  and  should  be  adequate  for  sample  headers. 

Characterization  of  the  base  resistance  of  the  transistors  from  terminal  measurements 
still  remains  a  problem.  To  help  relate  the  measurements  to  the  physical  structure  an  analysis 
has  been  carried  out  taking  into  account  the  distributed  nature  of  the  base  resistance  and  the 
collector  and  emitter  junction  impedance. 

Analysis  of  the  general  problem  of  charge  distribution  in  the  base  and  collector  barrier 
regions  of  microwave  transistors  has  been  carried  out.  Numerical  solutions  have  not  yet 
been  obtained. 

A  direct  measurement  of  avalanche  multiplication  in  transistors  has  been  carried  out. 
Results  indicate  that  multiplication  has  the  same  functional  form  as  previously  published 
measurements,  but  when  lightly  doped  P-tjqje  starting  material  is  used  (i.e.  above  1  ohm-cm) 
the  breakdown  ventage  may  be  considerably  lower  than  previously  published  breakdown  data. 


TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEGRATED  CIRCUITS 

Work  has  been  continued  on  fabrication  and  evaluation  of  multiple  chip  integrated  circuits. 
This  has  included  investigation  of  exploratory  fabrication  techniques  and  design  of  the  chips 
for  use  in  these  circuits. 

The  evaluation  of  integrated  packages  including  planar  semiconductor  and  silicon  resistor 
chips  is  continuing.  Measured  propagation  times  for  integrated  double  LLL  gates  are  about 
six  nanoseconds.  Work  on  integra+iOn  of  film  resistors  with  planar  semiconductor  chips  is 
now  being  carried  out. 

A  re-evaluation  of  the  multi-junction  level  shifter  operation  in  the  LLL  gate  has  been  made. 
Measurements  indicate  that  use  of  epitaxial  transistors  in  the  LLL  gate  improves  input  mar¬ 
gins  and  decreases  stored-charge  requirements  for  the  level-shifter  diode. 


TABLE  OF  CONTENTS 


SECTION  1 

SECTION  2 

SECTION  3 

SECTION  4 

TASK  4 

Chapter  1 


Clmpler  2 

Chapter  3 


PURPOSE 


Page  1 


-  ABSTRACT 


Page  4 


-  PUBLICATIONS  AND  REPORTS 


Page  5 


-  FACTUAL  DATA 


Page  6 


-  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 


Status  of  the  Microwave  Transistors 


Page  6 


1.1 

1.2 

1.3 

1.4 

1.0 


Introduction 

Kubi’lciition  of  Intei’mecllute  Power  Transistors 
Piunur  Inturdlgitutod  Structure  .... 

The  ;i-Oc  Transistor . 

Now  Power  Coaxial  Header . 


.  Pago 
.Pago 
.Pago 
.Pago 
.Page 


0 

6 

7 

8 

» 


Higli  Frequency  Base  Impedance  Analyses  of 

Microwave  Transistors . Page  10 


2.1  Introduction . Page  10 

2.2  Discussion . Page  10 

2.3  Conclusions . Pago  22 


Stored  Charge  In  the  Base  Layer  of  Transistors  .  .  Page  23 


3.1  Introduction . Page  23 

3.2  Critique  of  the  Present  Transistor  Theory  .  .Page  23 

3.3  Extension  of  the  Present  Theory  .  .  .  .Page  26 

Appendix . Page  28 


111 


iv 


Cliapter  4  -  Avalaiiclie  Multiplication  in  Germanium  PNP 

Diffused- Base  Transistors . Page  33 

4.1  Introduction . Page  33 

4.2  Method  of  Measurement . Page  34 

4.3  Experiment . Page  .35 

Table  4-1 . Page  38 

4.4  Discussion . Pago  3!) 

TASK  9  -  FUNCTIONAL  DEVICRS  AND  INTEGRATED  CIRCUITS 

Chapter  5  -  Status  of  Integrated  Circuits  and  Functional  Devices  .  Page  41 

5.1  Introduction  ........  .Pago  41 

5.2  Propagation  Delay  Measurements  .  .  .  .Page  42 

Table  5-1 . Page  43 

6.3  I.cvol  Shifter  Measurements . Page  43 

5.4  Conclusions . Page  48 

SECTION  5  -  CONCLUSIONS .  Page  50 

SECTION  6  -  PROGRAM  FOR  THE  NEXT  INTERVAI .  Page  51 

SECTION  7  -  IDENTIFICATION  OF  PERSONNEL .  Page  52 

DISTRIBUTION  LIST .  Page  55 


ABSTRACT  CARDS 


LIST  OF  ILLUSTRATIONS 


Fig.  Page 

1  -  Distributed  elements  In  the  mesa  structure .  10 

2  -  Equivalent  circuit  for  Region  I .  14 

3  -  Effective  base  resistance  when  Re  . 

4  “  Lumped  circuit  representation  for  Region  1  assuming  that 

K  »  1  and  Rc  (yj^)  »  a;  (Ctc  +  C^,) .  17 

5  -  Distributed  equivalent  circuit  of  Fig.  1 .  17 

0  -  Distributed  H-C  transmission  line .  18 

7-11  circuit  representation  of  Fig.  0 .  18 

8  -  Lumped  circuit  representation  of  Fig.  7 . 19 

9  -  Equivalent  circuit  for  half  of  the  three-stripe  structure .  19 

10  -  Equivalent  circuit  for  the  throo-strlpo  structure .  19 

11  -  DC  base  resistance  of  the  thrco-strlpe  mesa  structure . .  .  20 

12-  h'j,|j  vei  sus  frequency  for  the  M2200  transistor .  21 

13  -  Equivalent  circuit  for  the  mesa  structure .  21 

14  -  Simplified  ono-dlmonslonal  transistor .  20 

15  -  Expected  qualitative  solutions  to  the  charge  distribution  problem .  27 

10  -  Experimental  method,  (a)  Both  Junctions  reverse  biased,  (b)  After  bucking 
the  currents  shown  in  (a),  emitter  Is  forward  biased  with  V  unchanged. 

(c)  Circuit  to  obtain  tlie  base  current  due  to  forward  emitter  bias  when  M  =  1  .  .  35 

17  -  Experimental  data  for  one  conventional  PNP  diffused  base  Ge  transistor 

with  2  ohm-cm  P-type  collector  starting  resistivity .  30 

18  -  Exiierlinuntul  data  at  higher  Ig  for  transistor  of  Fig.  1? .  37 

19  -  Multiplication  due  to  injected  holes .  37 

20  -  Vg  results  from  present  method  compared  to  published 

on  Indium  alloy  transistors . 39 

21  -  Schematic  and  package  layout  for  double  LLL  gate .  42 


V 


22  -  Propagation  delay  time  measurement  circuit .  42 

23  -  Low-level  logic  gate .  44 

24  -  DC  voltages  and  currents  in  an  LLL  gate .  45 

25  -  and  for  =  4  volts .  45 

26  -  for  LLL  gate  using  single-,  double-,  or  triple-junction  level  shifter  ....  46 

27  -  Stored  charge  as  a  function  of  base  current  and  collector  current 

for  epitaxial  (2N914)  and  non-epitaxlal  (2Nfil4)  transistors .  47 

28  -  Stored  charge  as  a  function  of  current  for  level  shifter  diodes  .  48 


SECTION  1 


PURPOSE 


The  general  purpose  ol  this  contract  is  to  make  sludLeu  and  investigations  re¬ 
lated  to  transistors  and  transistor-like  devices,  together  with  their  circuit  prop¬ 
erties  and  applications,  with  a  view  toward  demonstrating  and  increasing  the 
practicality  of  their  use  in  operating  equipment.  This  contract  is  a  successor  to 
preceding  contracts  of  a  similar  nature:  Contract  W36-039  sc-44497,  Contract 
DA  36-039  sc- 5589,  Contract  DA  36-039  sc-64618,  Contract  DA  36-039  sc-85352. 
Contract  DA  36-039  8C-88962,  Contract  DA  36-039  sc-88931,  and  Contract 
DA-36-039  sc-fi92ni. 

Thi  se  contracts  call  for  services,  facilities,  and  material  to  be  employed  on 
mutually  acceptable  tasks.  Of  the  nine  tasks  assigned,  five  have  been  completed 
with  final  reports.  Work  on  Task  2,  Transistor  Reliability  was  terminated  in 
August  1961.  A  final  report  is  being  prepared.  Brief  descriptions  of  other  tasks 
and  dates  of  Final  Reports  are  contained  in  Section  1  of  Report  No.  6  dated  31  De¬ 
cember  1981,  the  First  Quarterly  Report  Issued  under  Contract  DA  36-039  sc  88931. 

Tasks  currently  active  under  this  contract  are  outlined  below. 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 

The  contractor  shall  make  theoretical  and  experimental  studies  leading  to  ex¬ 
ploratory  models  and,  upon  mutual  agreement,  to  feasibility  designs  of: 

1.  New  transistors  using  new  or  previously  untried  principles. 

2,  New  transistors  obtained  by  studied  modifications  of  existing  types. 

The  new  transistors  shall  be  primarily  Intended  and  suitable  for  application  to 
voltage,  current,  and  power  amplifiers,  and  to  associated  electronic  transducers. 

In  general,  transistors  having  ac  amplifying  properties  in  the  following  ranges 
are  of  particular  Interest: 

1.  Germanium  transistors  from  1000  meps  to  3000  meps  with  as  large  power 
ratings  as  the  state  of  the  art  permits. 

2.  Silicon  transistors  from  100  meps  to  1000  meps  with  as  large  power  ratings 
and  as  high  temperature  ratings  as  the  state  of  the  art  permits. 

3.  Devices  of  other  materials  with  specific  attention  to  obtaining  frequency, 
power,  noise,  or  temperature  advantages  over  germanium  and  silicon 
devices. 
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TASK  4A  -  MICROWAVE  TRANSISTOR 

The  contractor  shall  conduct  a  study  and  investigation  leading  to  the  design 
and  fabrication  of  a  transistor  capable  of  operating  with  a  minimum  of  10-db  gain 
at  3000  me.  The  transistor  structure  should  be  of  a  diffused-base  mesa  type  with 
stripe  emitter  and  base  electrodes  or  with  dot-emitter  and  ring-base  electrodes. 
An  accurate  design  theory  for  such  a  device  shall  be  established  together  with  an 
appropriate  equivalent  circuit  including  package  parameters.  It  is  desired  that  the 
transistor  be  matched  into  50-ohm  input  and  output  coaxial  terminations.  From  a 
microwave  point  of  view  the  structure  (package  and  transistor)  shall  be  basically 
broadband.  Ideally,  the  transistor  should  be  capable  of  greater  than  10-db  power 
gain  from  dc  to  3000  me.  Appropriate  experimental  models  of  such  devices  includ¬ 
ing  any  necessary  adapters  indicative  of  the  progress  made  shall  be  furnislied 
during  tlie  course  of  tliis  program. 


TASK  4B  -  1000-MC,  1 -WATT  TRANSISTOR 

The  contractor  shall  conduct  a  study  and  investigation  leading  to  the  design 
and  fabrication  of  a  transistor  capable  of  operating  with  a  minimum  of  1  watt  of 
power  output  at  1000  me  with  a  minimum  gain  of  10  db  and  with  a  minimum  effi¬ 
ciency  of  30  per  cent,  for  this  power  output  and  gain.  An  accurate  design  theory 
for  such  a  device  shall  be  established  together  with  an  appropriate  equivalent 
circuit  including  package  parameters.  The  structure  shall  be  an  hermetically 
scaled  package  with  provisions  for  mounting  on  simple  heat  sinks.  Appropriate 
experimental  models  of  such  devices,  including  any  necessary  adapters,  indicative 
of  the  progress  made  shall  be  furnished  during  the  course  of  this  program. 


TASK  4C  -  2000-MC,  2-WATT  TRANSISTOR 

The  contractor  shall  conduct  a  study  and  investigation  leading  to  the  design 
and  development  of  a  transistor  capable  of  operating  with  a  minimum  of  2  watts 
power  output  at  2000  meps  with  a  minimum  gain  of  10  db  and  with  a  minimum  effi¬ 
ciency  of  25  per  cent  for  this  power  output  and  gain.  An  accurate  design  theory  for 
such  a  device  shall  be  established  together  with  an  appropriate  equivalent  circuit 
including  package  parameters.  The  structure  shall  be  an  hermetically  scaled  pack¬ 
age  with  provisions  for  mounting  on  simple  heat  sinks.  Appropriate  experimental 
models  and/or  prototype  units  of  such  devices,  including  any  necessary  adapters, 
indicative  of  the  progress  made  shall  be  furnished  during  the  course  of  this  program. 


TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEGRATED  CIRCUITS 

The  Contractor  shall  make  theoretical  and  experimental  studies  leading  to  ex¬ 
ploratory  models,  and  upon  mutual  agreement,  to  feasibility  designs  and  finally  to 
development  models  of  semiconductor  components  able  to  perform  more  complex 
functions  than  existing  components  can,  thereby  reducing  the  number  of  components 
needed  in  electronic  systems  with  the  ultimate  objective  of  improving  the  reliability 
and  reducing  the  cost  of  such  systems.  The  components  to  be  investigated  shall 
Include: 
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1.  Functional  devices,  namely  devices  designed  from  physical  phenomena  to 
perform  as  directly  as  possible  desired  systems  functions. 

2.  Diodes  and  transistors  in  miniature  insulated  packages  to  be  compatible  with 
thin  film  resistor-capacitor  techniques.  These  packages  may  form  an  Integral  part 
of  an  insulating  substrate  on  which  resistive  and  capacitive  films  may  be  evaporated 
to  form  complete  circuits. 

3.  Integrated  circuits,  namely  combination  of  circuit  elements  including,  where 
appropriate,  functional  devices  designed  and  fabricated  as  units  to  perform  desired 
systems  functions. 

The  work  shall  include  but  not  be  limited  to: 

1.  Evaluation  of  systems  requirements  and  related  components  requirements 
with  attention  to  such  figures  of  merit  as  speed,  gain,  power  dissipation,  Impedance, 
reliability,  packing  density,  interconnection  topology,  etc.  A  study  shall  be  under¬ 
taken  of  selected  categories  of  semiconductor  components  to  determine  their 
universality  with  respect  to  a  variety  of  systems.  For  example,  integrated  diode- 
transistor  logic  circuits  shall  be  studied  for  gating  and  flip-flop  circuits.  The 
gating  circuits  studied  shall  be  designed  for  optimum  fan-ln,  fan-out  requirements. 
The  fan-ln,  fan-out  requirements  should  be  based  upon  systems  analysis. 

2.  Study  of  miniature  diodes  and  transistors  in  insulated  packages  shall  be 
undertaken  to  determine  the  effects.  If  any,  of  the  packaging  techniques  on  tlie  per¬ 
formance  and  reliability  of  these  devices.  Wherever  possible,  comparative  conven¬ 
tional  devices  shall  be  used  to  make  this  analysis  most  meaningful. 

3.  Fabrication  of  these  selected  exploratory  components  and  circuits  to  deter¬ 
mine  their  figures  of  merit.  For  example,  four-layer,  three-terminal  device 
structures  (PNPN)  having  turn-off  gain  properties  shall  be  Investigated  for  applica¬ 
tion  to  functional  circuits.  In  addition,  tlic  contractor  shall  endeavor  to  determine 
the  reliability  Inter-relatlonshlp  of  several  semiconductor  devices  (l.e.  diodes  and 
transistors)  contained  in  a  common  sealed  package  or  several  Junctions  fabricated 
in  a  common  semiconductor  wafer. 

4.  The  cost  factors  associated  with  all  of  the  above  shall  be  investigated,  par¬ 
ticularly  with  respect  to  yield  on  multiple  devices  in  common  package  or  multiple 
junctions  within  one  wafer. 


SECTION  2 


ABSTRACT 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 

Chapter  1  reports  the  status  of  the  microwave  germanium  transistors.  Fabrica¬ 
tion  of  0.25-watt,  1-Gc  mesa  transistors  has  been  started  to  supply  samples.  The 
processing  problems  and  the  method  of  attack  are  reviewed  in  the  chapter.  Problems 
of  oxide  breakdown  in  the  planar  structure,  the  modifications  of  evaporation  techniques 
to  improve  the  oxides,  and  the  possible  use  of  photolithographic  techniques  and  ther¬ 
mally  deposited  oxides  are  also  treated.  Reduction  of  base  resistance  by  two  base 
diffusions,  a  heavy  diffusion  under  the  base  stripes  and  between  the  stripes,  and  a 
normal  diffusion  under  the  emitter  is  suggested. 

In  Chapter  2  it  is  shown  that  the  base  resistance  of  the  power  transistor  is  sub¬ 
stantially  influenced  by  the  shunting  effect  of  the  forward-biased  emitter  junction 
impedance,  and  the  feedback  capacitance  of  the  collector  junction.  The  problem  is 
analyzed  as  distributed  resistances  and  capacitances  closely  approximating  the  physi¬ 
cal  structure  of  the  device.  Results  Indicate  a  complex  base  impedance  should  be 
used  in  the  equivalent  circuit  characterizing  the  device. 

The  problem  of  charge  distribution  in  the  base  and  collector  barrier  regions  of 
microwave  transistors  is  treated  in  Chapter  3.  Existing  solutions  of  transport  of 
carriers  in  devices  and  the  boundary  conditions  for  the  solutions  are  reviewed. 

These  boundary  conditions  are  no  longer  valid  for  the  microwave  transistor.  A  solu¬ 
tion  with  less  restrictive  boundary  conditions  is  proposed.  Modification  of  the 
Einstein  equation  relating  the  diffusion  constant  and  mobility  of  carriers  so  that  it 
is  applicable  in  regions  of  high  electric  fields  has  been  carried  out, 

Chapter  4  presents  data  on  avalanche  multiplication  in  dlffused-base  germanium 
transistors.  Collector  and  base  currents  of  the  transistor  are  measured  as  a  function 
of  collector  voltage  with  the  emitter  forward-biased.  Surface  currents  are  measured 
with  the  emitter  reverse-biased  and  are  subtracted  from  the  total  currents.  Correc¬ 
tion  is  made  for  modulation  of  the  currents  due  to  base  layer  narrowing.  Results  in¬ 
dicate  agreement  in  functional  form  with  published  data,  but  a  significantly  lower 
avalanche  brealtdown  voltage  must  be  used  for  collector  with  doping  2  ohm-cm. 

Alloy  transistor  multiplication  and  the  breakdown  voltage  agrees  with  published 
data.  The  lower  breakdown  found  in  diffused-base  transistors  is  not  the  result  of 
microplasmas,  but  appears  to  be  a  true  large  area  effect. 


TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEGRATED  CIRCUITS 

Iii  Chapter  5  the  present  status  of  the  integrated  circuits  and  functional  devices 
program  is  briefly  reviewed.  The  program  now  includes  work  on  integration  of 
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diffused- silicon  resistors  or  thln-film  resistors  with  planar  diffused-silicon  devices. 
Measurements  of  propagation  delay  time  for  integrated  LLL  gates  including  silicon 
resistors  are  discussed.  Delays  of  about  six  nanoseconds  are  indicated.  Operation  of 
the  multi -junction  diode  level  shifter  in  LLL  gates  is  reviewed.  It  is  concluded  that 
satisfactory  input  margins  for  many  applications  are  afforded  with  a  double  junction 
level  shifter  used  with  an  epitaxial  2N914  transistor.  Use  of  the  2N914  also  reduces 
the  charge  storage  requirement  on  the  level  shifter. 


SECTION  3  -  PUBLICATIONS  AND  REPORTS 


No  publications  or  other  reports  were  Issued  during  this  contract  period. 


SECTION  4  -  FACTUAL  DATA 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 


Chapter  1 


STATUS  OF  THE  MICROWAVE  TRANSISTORS 
By  J.  T.  Nelson 


1.1  INTRODUCTION 

During  this  quarter,  technical  effort  has  continued  on  the  development  of  the 
1-watt,  1000-mc  transistor  and  the  low-power  3-kmc  transistor.  Fabrication  of  an 
Intermediate-power  mesa  transistor,  similar  to  the  one  described  in  a  previous 
report,  has  again  been  picked  up  in  order  to  supply  samples. 

Tlic  work  during  this  quarter  has  largely  been  concerned  with  processing  prob 
lems.  The  problems  and  the  method  uf  attack  are  covered  In  this  chapter. 


1.2  FABRICATION  OF  INTERMEDIATE  POWER  TRANSISTORS 

A  mesa  transistor  capable  of  delivering  225  mw  at  1  Gc  was  reported  previously 
(Ref.  1).  Fabrication  of  additional  units  uf  this  type  which  could  be  nominally  rated 
as  0.25  watt  at  1  Gc  has  again  been  started.  Up  to  this  time  the  results  have  been 
unsatisfactory.  The  mesa  structure  used  Is  similar  to  that  previously  reported  with 
1 X 10- mil  electrodes  with  0.2-mll  spacing  between  electrodes  and  a  base-layer  thick¬ 
ness  between  0,25  and  0.5  microns. 

During  this  quarter,  12  evaporation  runs  have  been  initiated.  From  these  starts 
approximately  20  units  have  been  encapsulated.  All  of  the  units  have  unsatisfactorily 
low  gain  at  1  Gc.  The  base  resistance  of  these  transistors  appears  to  be  substantially 
higher  than  predicted  from  the  structure  of  the  device,  with  resulting  lower  power 
gain  than  anticipated.  Further  analysis  of  the  base-resistance  problem  lias  been 
carried  out  in  order  to  further  understand  the  problem  (Chapter  3  of  this  report). 

During  the  early  part  of  the  quarter,  when  fabrication  procedures  were  being 
established  in  the  model  laboratory,  the  loss  of  devices  during  processing  was  very 
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high.  Results  were  unpredictable  so  that  it  was  dtificult  to  carry  a  systematic  pro¬ 
gram  to  improve  the  device  performance  at  high  frequencies.  Techniques  for  rejec¬ 
tion  of  devices  with  potentially  unsatisfactory  dc  characteristics  at  an  early  stage 
of  fabrication  have  been  improved  and  processing  has  been  substantially  improved. 
Losses  have  been  substantially  reduced  so  that  it  should  now  be  possible  to  concen¬ 
trate  effort  on  the  improvement  of  the  high-frequency  performance  of  the  transistor. 

It  is  n6w  known  that  the  principal  problem  in  the  fabrication  was  the  result  of 
dicing  the  slabs  into  individual  wafers.  The  collector  reverse  current  and  collector 
breakdown  voltage  of  all  transistors  were  found  to  be  substantially  degraded  between 
an  initial  test  on  the  slab  after  evaporation  and  alloying  of  the  electrodes  and  final 
test  on  a  finished  transistor.  Damage  to  the  collector  junction  has  been  isolated  to 
the  dicing  of  the  slab.  Both  scribing  and  breaking,  and  sawing  were  used  to  separate 
the  wafers.  Although  the  same  care  was  used  to  dice  these  transistors  that  has  pre¬ 
viously  produced  good  transistors  of  other  types,  damage  to  the  collector  junction 
resulted  without  fail.  This  problem  has  arisen  on  the  power  transistor  because  the 
combined  requirements  of  large  stripe  dimensions  to  handle  tne  operating  current 
and  small  wafer  size  to  minimize  the  inductance  of  connections  to  the  header  results 
in  a  nominal  distance  of  0.004  Inches  between  the  collector  junction  and  the  edge  of 
the  wafer.  Separation  of  the  wafers  by  etching  has  not  been  instituted  and  the  damage 
to  the  collector  junction  is  no  longer  a  problem. 

Low  collector  breakdown  and  devices  whose  collector  junctions  collapse  under 
applied  bias  as  a  result  of  defective  epitaxial  material  still  present  a  problem.  More 
careful  selection  of  epitaxial  material  has  improved  this  situation  although  further 
Improvement  In  the  quality  of  the  epitaxial  material  is  necessary. 

Loss  during  lead  bonding  is  decreasing  as  operators  gain  experience. 

Electrical  cliaracterizatlon  of  the  devices  has  indicated  that  the  gain  at  1  Gc  is 
too  low  to  be  used  ns  a  practical  amplifier.  The  gain  also  falls  off  rapidly  as  the 
signal  level  is  Increased  so  that  the  power  output  is  limited.  Further  Investigation 
is  underway  to  determine  why  the  transistors  produced  recently  have  not  been 
satisfactory. 


1.3  PLANAR  INTERDIGITATED  STRUCTURE 

Development  effort  on  the  planar  inter  digitated  structure  has  been  reduced  be¬ 
cause  of  the  increased  effort  on  the  mesa  structure.  A  limited  investigation  of  the 
breakdown  in  evaporated  oxides  lias  been  carried  out.  A  sandwich  of  base  electrode 
material  (Ag-Au-Sb)  silicon  monoxide,  and  the  aluminum  electrode  material  (Al)  was 
evaporated  to  simulate  th^  electrode  structure.  Breakdown  of  tlie  oxide  was  approxi¬ 
mately  10  volts  per  1000  A.  After  the  structure  was  heated  to  the  emitter  alloying 
temperature,  approximately  450*  C,  and  cooled,  the  breakdown  dropped  to  1  volt  per 

1000  A  , 

An  ('xperiment  consisting  of  etching  of  silver  through  an  evaporated  silicon 
monoxide  film  has  indicated  a  high  density  of  pin  holes  in  the  evaporated  oxide  films. 

A  study  of  the  use  of  cerium  oxide  as  an  evaporated  Insulating  layer  was  also 
started.  The  choice  of  this  material  is  based  on  the  fact  that  evaporated  layers  are 
almo.st  completely  CeOg  which  is  a  stable  form  of  the  oxide  at  room  temperature, 
in  contrast  to  silicon  monoxide  which  is  composed  of  a  mixture  of  SiO* ,  unstable 
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SiO,  and  silicon.  A  sandwich  similar  to  that  used  to  test  the  silicon  monoxide  has 
yielded  a  breakdown  of  25  volts  per  1000  A  after  the  alloying  heat  cycle.  However, 
if  a  positive  potential  was  applied  to  the  aluminum  electrode  the  rupture  could  be 
healed  so  that  the  breakdown  was  in  excess  of  100  volts  per  1000  A .  This  effect  is 
not  understood,  but  it  is  indicative  of  electrolysis  or  migration  of  metal  through  tlie 
oxide.  Further  study  of  oxides  is  obviously  necessary. 

Additional  work  in  both  evaporation  techniques  and  the  use  of  thermally  deposited 
oxides  has  been  carried  out  in  conjunction  with  the  low-power  3-kmc  transistor.  This 
work  will  be  applicable  to  the  power  structure. 


1.4  THE  3-GC  TRANSISTOR 

The  proposed  structure  requires  a  0.25- mil  dot  emitter  and  concentric  base  ring 
with  a  spacing  from  the  emitter  of  less  than  0.2  mil. 

Development  of  this  transistor  has  been  limited  to  further  process  improvement. 
Work  is  continuing  on  refinement  of  evaporation  techniques.  A  scheme  of  reducing 
bast  resistance  by  the  use  of  two  base-diffusion  steps  is  being  investigated,  and  the 
use  of  photolithographic  techniques  for  controlling  surface  geometry  is  being  studied. 

A  Vac-Ion  evaporation  station  is  being  set  up  for  use  in  processing  this  transis¬ 
tor.  This  is  being  done  for  two  reasons.  The  general  cleanliness  and  higher  vacuum 
obtainable  with  this  type  evaporator  should  result  in  more  controllable  processing. 

In  the  evaporation  of  oxides  it  is  necessary  to  keep  the  substrate  at  a  low  tempera¬ 
ture  to  prevent  scattering  of  the  oxide  Into  the  region  where  the  emitter  electrodes 
will  be  evaporated.  In  an  oil-pumped  station  oil  condenses  on  the  low  temperature 
substrates. 

A  new  set  of  evaporation  Jigs  for  holding  the  germanium  slab  and  evaporation 
mask  are  being  designed.  They  will  be  made  from  germanium  to  eliminate  shifts  of 
the  germanium  wafer  with  respect  to  the  mask  due  to  differences  in  thermal  expan¬ 
sion  during  the  bakonut  cycle.  It  is  desirable  to  give  the  germanium  a  thorough 
bakeout  to  clean  the  surface  before  evaporation.  This  causes  electrode  registry  prob' 
lems  with  the  presently  used  molybdenum  jig  and  nickel  mask. 

The  use  of  a  wick-type  source  has  been  developed  to  evaporate  the  metal  elec¬ 
trodes.  Used  with  silver  and  gold,  an  effective  evaporation  source  diameter  of 
0.050"  has  been  obtained  wliich  results  in  more  clearly  defined  electrode  geometx'y. 

The  narrow  separation  between  the  emitter  and  base  ring  is  required  to  keep 
that  part  of  the  base  resistance  resulting  from  the  resistance  of  the  dlffused-base 
layer  between  the  electrodes  to  an  acceptable  level.  A  technique  for  reducing  this 
portion  of  the  base  resistance  is  being  Investigated.  It  is  hoped  that  this  technique 
will  both  reduce  the  total  base  resistance  of  the  device  and  make  necessary  less 
restrictive  mechanical  tolerances. 

An  alternate  scheme,  using  photolithographic  techniques,  Is  being  studied  for 
use  in  making  the  3-Gc  structure.  The  work  done  until  this  quarter  has  been  prin¬ 
cipally  limited  to  the  use  of  evaporated  oxides  through  stencil -type  masks.  There 
is  some  evidence  that  thermally  deposited  oxides  may  suffer  less  from  pin  holes  and 
leakage  problems  than  the  evaporated  oxides.  Photolithographic  techniques  now 
appear  capable  of  producing  the  closely  controlled  geometries  necessary  for  this 
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structure.  For  these  reasons,  a  study  of  the  feasibility  of  the  use  of  photo  techniques 
and  thermally  deposited  oxides  has  been  started,  hi  addition  to  the  advantages  that 
have  been  stated  there  would  be  a  decided  advantage  in  manufacturing  with  this  tech-  . 
niquc  since  processing  would  then  be  more  closely  allied  to  silicon-transistor 
production. 


1.5  NEW  POWER  COAXIAL  HEADER 

Plans  called  for  the  use  of  the  new  coaxial  header,  described  in  the  previous 
quarterly  report,  during  this  quarter.  Fabrication  of  these  headers  has  been  delayed 
by  poor  adherence  of  the  niolybdcnum-manganese  metalized  layer  to  the  beryllium 
oxide  insulator.  Metalized  insulators  have  been  supplied  by  an  outside  supplier.  The 
first  samples  obtained  yielded  bund  strengths  of  between  500  and  1000  pounds  per 
square  inch,  with  the  break  between  the  metalized  layer  and  the  ceramic.  Additional 
effort  by  the  supplier  has  not  produced  insulators  with  bond  strengths  of  2500  pounds 
per  square  inch  with  partial  fracture  of  the  metal  ceramic  bond  and  partial  fracture 
of  the  ceramic.  Although  this  bond  strength  is  well  below  that  of  a  good  ceramic 
metal  seal  the  parts  are  adequate  for  initial  models  of  the  header. 

This  difficulty  has  been  attributed  to  difficulty  in  metalizing  high-purity  beryllia 
(99+%  BeO).  The  high-purity  beryllia  was  chosen  for  this  encapsulation  because  of 
its  high  thermal  conductance.  At  the  time  of  the  choice  of  this  material,  metalizing 
problems  were  not  anticipated.  Additional  Insulators  of  a  lower-purity  beryllia, 
containing  a  glass  phase  to  ease  the  metalizing  problem,  have  been  ordered  and 
should  be  obtained  during  the  next  interval.  A  penalty  of  poorer  heat  transfer  must 
be  paid  if  it  is  necessary  to  use  the  lower-purity  insulator.  At  this  time  it  is  not 
known  what  the  thermal  conductivity  of  these  insulators  will  be. 

An  active  metal  solder  (Titanlum-BT)  has  also  been  used  for  making  the  bonds. 
The  result  has  been  severe  weakening  of  the  ceramic  in  the  vicinity  of  tlie  bond  and 
rupture  strengths  of  less  than  250  pounds  per  square  Inch  have  resulted.  In  all  cases 
the  ceramic  has  yielded  in  the  vicinity  of  the  bond. 
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Chapter  2 


HIGH  FREQUENCY  BASE  IMPEDANCE  ANALYSES  OF 
MICROWAVE  TRANSISTORS 

By  J.  Kocsis 


2.1  INTRODUCTION 

For  most  practical  applications  a  one-dimensional  theory  is  adequate  for  char¬ 
acterizing  transistors,  and  equivalent  circuits  based  on  the  one-dimensional  theory 
are  in  common  use  today.  As  the  frequency  limit  of  junction  translators  has  been 
extended  to  higher  and  higher  frequencies,  the  distributed  nature  of  certain  transistor 
structures  had  to  be  taken  into  account  and  the  one-dimensional  theory  was  no  longer 
adequate.  One  of  the  early  transistors  for  which  this  was  true  was  the  grown-junctlon 
transistor.  The  grown-junctlon  transistor  has  been  analyzed  by  means  of  a  simplified 
two-dimensional  theory  by  R.  L.  Pritchard  (Ref.  1)  with  the  conclusion  tliat  it  can  be 
represented  for  small-signal  ac  application  by  an  ideal  transistor  (transistor  without 
extrinsic  elements)  and  a  complex,  frequency-dependent,  base  impedance  /ih  .  Evalu¬ 
ations  of  microwave  tiiesa  transistors  give  similar  results;  i.e.  the  distributed  nature 
of  transistor  parameters  must  be  taken  Into  account  even  in  a  first  order  approxima¬ 
tion  and  its  effect  can  be  represented  by  an  Impedance  /ii,. 

The  purpose  of  this  chapter  is  to  extend  Pritchard’s  two-dimensional  theory  to 
dlffused-base  mesa  or  planar  transistors  with  stripe  emitter  and  base  contacts  and  to 
determine  tlic  base  impedance  of  these  transistors. 


2.2  DISCUSSION 
2.2.1  Analysis 

The  over-all  performance  of  a  device  is  determined  by  the  combined 
effects  of  the  minority  and  majority  current  flow  upon  applied  voltages  on  tlie  input 
and  output  terminals.  In  this  chapter  the  effect  of  majority  current  flow  through  the 
base  region,  emitter  depletion  layer  and  collector  depletion  layer  will  be  analyzed. 
Elements  added  to  the  equivalent  circuit  due  to  the  effect  of  majority  current  flow 
will  be  called  extrinsic  elements,  because  their  effects  are  essentially  added  to  the 
transistor  action  of  the  internal  or  ideal  transistor. 

The  structure  to  be  considered  is  a  three-strlpo  mesa  structure,  but  the 
conclusions  are  equally  valid  for  any  multiple- stripe  structures.  In  the  analyses  to 
be  carried  out  the  following  assumptions  are  made: 
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1.  Small-signal  ac  conditions  are  assumed. 

2.  The  conductivities  of  the  base  and  emitter  stripes  are  much  larger 
than  the  average  base  conductivity. 

3.  The  effect  of  tlie  collector  series  resistance  is  neglected. 

4.  Negligible  surface  and  volume  recombination  in  the  base;  therefore, 
.  the  base  current  is  due  to  the  high  frequency  (1  -  a)  current  and  to 

the  feedback  current. 

5.  A  p-n-p  transistor  is  considered.  The  results  are  equally  valid  for 
n-p-n  devices  with  the  appropriate  change  in  signs. 


COLLECTOR 

CONTACT 


Fig.  1  -  Distributed  clcmontB  in  the  mesa  structure 


Fig.  1  shows  the  half  cross  section  of  the  structure  with  the  distributed 
extrinsic  elements.  In  obtaining  the  distributed  equivalent  circuit  for  the  extrinsic 
elements,  it  was  assumed  that  the  base  stripe,  emitter  stripe,  and  collector  contacts 
arc  cqulpotcntlal  parts  of  the  structure  and  the  collector  scries  resistance  is  zero. 
For  the  purpose  of  tlic  analysis  the  structure  is  divided  into  different  regions  as 
shown  in  Fig.  1,  each  of  which  is  considered  separately. 


I^e^onl 


The  problem  in  this  case  is  similar  to  that  of  the  grown-junction  transis¬ 
tor,  where  the  effective  base  lies  between  the  emitter  and  collector  junctions  of 
equal  size.  In  analyzing  this  region,  a  simplified  two-dimensional  analysis  will  be 
carried  out,  i.e.  in  tlie  longitudinal  direction  (v  axis  in  Fig.  1)  only  minority  carrier 
flow  is  considered,  neglecting  the  effect  of  the  emitter  depletion  layer  capacitance 
C’/^  and  collector  depletion  layer  capacitance  C'/p  .  In  the  transverse  direction 
(.V  axis)  only  majority  carrier  flow  is  considered.  Thus,  the  twd-dimensional  pattern 
is  separated  into  two  one-dimensional  problems.  Then,  finally,  the  effect  of 
and  C/p  is  considered. 

In  the  following  analysis  the  common -emitter  configuration  will  be  used 
because  it  considerably  simplifies  the  analysis. 
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I  Assume  that  the  ideal  common-emitter  transistor  (emitter  and  collector 

j  depletion  layer  capacitances  and  the  transverse  base  resistance  are  zero)  is  repre- 

I  sented  by  the  following  h  parameters. 


i 

iHe 

lire 

1 

% 

life 

hoe 

Assume  now  that  the  transverse  base  resistance  is  not  zero,  i.e.  Rh 

^  0 

\ 

and  the  transistor  is  represented  by  h'f. 

te 

n 

! 

[Il'fe 

hoe  _ 

(1) 

It  can  be  easily  shown  that  (Ref.  1) 

^re  ~ 

h're 

(2) 

1 

h  or 

(3) 

1 

lire  = 

h\fe 

(4) 

In  the  measurement  of  h'ie  a  base-emitter  voltage  is  applied  and  thus  the 
phase  and  amplitude  of  the  base  current  arc  effected  by  the  transverse  base 
resistance. 

Hence,  in  the  common-emitter  configuration  only  fi'fp  must  bo  determined 
with  the  Inclusion  of  a  distributed  transverse  base  resistance  into  the  transistor 
structure.  The  other  three  h  parameters  obtained  on  tlic  basis  of  a  one-dimensional 
theory  correctly  represent  the  transistor,  including  the  effects  of  the  distributed 
base  resistance  between  the  emitter  and  collector  Junctions. 

For  h\p  the  following  expression  has  been  obtained  by  R.  L.  Pritchard 
on  the  basis  of  the  two-dimensional  theory 


h\e  =  -fT$g 

where  Hi,  is  the  transverse  base  resistance 

lib  ■  y. 

r>  -  -j;r-  (8) 

y  is  the  sum  of  the  common-base  short-circuit  admittance  parameters 
for  the  idea!  transistor,  i.e. 
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Vt  =  yih  +  vrb  +  yfb  +  yoh 
Sp  is  the  emittei’  stripe  width. 

The  input  parameter  h'ip  arbitrarily  can  be  separated  into  two  parts,  one 
of  which  is  the  short-circuit  input  impedance  hi^  and  the  remainder  will  be  called 
base  impedance  denoted  by  Zh ,  therefore 

Zh  ~  ~  ^He  • 


Substituting  Equation  (5)  into  Equation  (7)  and  taking 
Equation  (8)  is  obtained. 


_1_ 


Zb 


Rh 

r  • 


coth  r  -  hfe 


(8) 


where 


r-s^  =  {Rb  '  yifi  )^  . 


(9) 


After  the  above  separation,  AJ,  can  be  written  In  the  following  form 


[lie]  = 


Zh  + 


(10) 


Equation  (10)  implies  that  the  transistor  can  be  represented  by  an  ideal 
model  and  a  Zi,  admittance  in  series  with  the  base. 

The  effect  of  depletion  layer  capacitances  has  been  neglected  up  to  now. 
The  emitter  depletion  layer  capacitance  is  part  of  the  distributed  structure 

in  the  same  way  as  the  corresponding  admittance  (  of  the  forward-biased 
emitter  -base  junction.  A  part  of  the  majority  current  in  the  base  which  is  due  to 
the  (1-  a)  current  can  bypass  the  base  resistance  through  and  as  g  conse¬ 
quence  of  this  a  complex  base  impedance  arises  as  given  in  Equation  (8).  In  the 
same  way  AC/^  wliicli  is  parallel  with  ^yfg  in  the  infinitesimally  small  part  of 
the  structure  can  contribute  to  a  bypassing  path,  or  in  the  microwave  range  its 
effect  can  be  more  significant  than  ytg.  Since  ACte  is  parallel  in  the  distributed 
structure  with  Ay^p  ,  the  admittance  due  to  AC^^  can  be  added  to  ^Ay^c  =  y<p 
and  the  input  admittance  thus  becomes 


yie  -  yie  +  .  (H) 

It  is  significant  to  note  that  the  bypassing  effect  of  ^te  in  the  forward 
direction  contributes  to  a  linearly  increasing  current  in  the  transverse  direction. 
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Similarly,  a  linoar  current  distribution  is  obtained  due  to  (l-t*)  current  and  there¬ 
fore  the  Inclusion  of  parallel  with  satisfies  the  bypassing  effect  of  Cfg 
in  series  with  Zb  equally  as  well  in  the  forward  direction  as  in  the  reverse  direc¬ 
tion.  Therefore,  if  Ctg  is  taken  into  account,  Equation  (8)  becomes 


Zh 


Rb 


coth  r' 


1 

yif,  + 


(12) 


where 


r'  •  =  [/ift  iyig  +  (13) 

The  bypassing  effect  of  the  reverse-biased  collector  depletion  layer  has 
been  neglected  which  corresponds  to  the  assumption  that 


Aiift 


« 


1 

W  AQp 


(14) 


The  feedback  current  which  is  present  in  the  base  due  to  can  be 
assumed  to  have  the  same  effect  as  the  1-a  current,  i.e.  every  infinitesimally 
small  transistor  in  the  transverse  direction  contributes  the  same  amount  of  feed¬ 
back  current  which  can  flow  through  the  bypassing  effect  of  y  Vr  and  Rh  to  the 
base  terminal  in  much  the  same  way  as  the  1-a  current.  For  the  above  reason 
the  base  Impedance  Zb  can  be  considered  to  be  the  same  for  the  feedback  current 
arising  through  ,  and  can  be  connected  from  collector  to  base  of  the  ideal 
transistor . 


Fig.  2  -  Equivalent  circuit  for  Region  1 


In  Fig.  2  the  final  equivalent  circuit  is  shown  for  Region  I,  including  the 
effect  of  majority  current  flow  in  the  base  region,  the  bypassing  effect  of  the 
forward-biased  emitter-base  Junction,  and  the  feedback  effect  of  Cfg  .  In  the  further 
analysis  of  tliis  region  consideruUon  will  be  given  to  llie  evaluation  of  Zb  • 
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Let  us  now  consider  given  by  Equation  (12).  Equation  (13)  can  be 
written  as  follows: 

1  r*  •  Sg  I  =  (15) 


wliere 


K 


Rh 

1 

yie  +  )^^le 


(16) 


Equation  (12)  can  be  easily  simplified  under  two  conditions:  if  /if  «  1 
and  if  /f  »  1 .  From  Equation  (1 6)  it  is  apparent  that  K  «  1  corresponds  where 
the  transverse  base  resistance  is  much  smaller  than  the  admittance  represented 
by  the  forward-biased  emitter-base  junction.  This  condition  can  be  satisfied  at  low 
frequencies  where  the  bypassing  effect  of  the  capacitances  can  be  neglected  and/or 
at  low  current  level  when  the  real  part  of  the  common- emitter  input  admittance 
Re  yie  is  too  small  to  contribute  to  a  bypassing  route  for  the  base  current.  If 
K  then  Equation  (12)  simplifies  to  the  well  known  form 


Zb  .  (17) 

3 

The  other  limiting  case  is  when  K  »  i.  This  condition  can  be  due  to 
two  reasons,  eitlier  the  frequency  is  very  high  and  therefore  w(C^^  +  C’/) )  is  large 
compared  to  1/Rh  and/or  the  emitter  current  is  high  so  that 


»  1  . 


At  low  frequencies  Equation  (12)  can  be  simplified  to 


„  „  /  coth/i'^*  1  \  Kh 

^6 


(18) 


where 


B 


(  coth  1  \ 


K  = 


Rb 


Re  (  vi'c) 


(19) 
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Fig.  3  -  Effective  base  resistance  when 
R®(yio)««'(Cte  +  Cb),  iSb  =  Rb/® 


In  Fig.  3,  B  vb.K  =  -= — 7 - r  Is  plotted.  This  grapli  shows  that  for 

Re  iyie)  ^ 

K  ^  2,  the  approximation  that  the  base  resistance  is  holds.  For  higher  values 

of  K,  however,  the  base  resistance  is  reduced  considerably  due  to  the  bypassing 
effect  of  He  {yie)>  Fig.  3  also  shows  that  the  base  resistance  will  be  current  de¬ 
pendent  for  power  transistors  if  K  is  large  compared  to  unity  because  the  value  of 
Re  iyia)  is  current  dependent.  This  effect  can  result  in  a  serious  matching  problem 
because  of  the  dependence  of  Rb  on  ac  current  level. 

A  simplified  high  frequency  approximation  for  Hi,  can  be  obtained  when 
Reiyia)  »  ^  Ch  )  and  R  »  1.  Under  this  condition 

Re{Zh)=~  (21) 

3 

j  - -  (22) 

yw  1  ( C/f,  +  L'h  ) 


where  Cj  is  the  base-charging  capacitance. 


At  frequencies  much  lower  than  the  cutoff  frequency  obtained  by  the  base 
transit  time 


fto 


(23) 
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where  Pg  is  the  low-frequency  common-emitter  current  gain  and 


kT  1 


b 


l(Ct*  +  Cb)  i  ^te 


Si 

3 


l/ 

IDEAL 

-AMr- 

TRANS 
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Fig.  4  -  Lumped  circuit  representation  for  Region  I 
nssuming  that  K  »  1  and  Retyjj.)  »ti)  (Ctp  +  C|, ) 


(24) 


The  equivalent  circuit  of  Fig.  2  can  be  simplified  to  Fig.  4  with  the  sub¬ 
stitution  of  Equations  (21)  and  (22),  if  Ap  (y/p )  j  u)(C'/p  +  Ch  )  and  fv  i.  Unfor¬ 
tunately,  the  microwave  power  transistors  do  not  always  satisfy  the  above  assumption 
and  then  the  lumped  circuit  representation  shown  In  Fig.  4  is  not  valid.  A  single  fre¬ 
quency  or  a  narrow  band  simplified  H  'J  representation  for  Equation  (12)  must  then 
be  used. 


Region  If 


Tills  bulk  is  outside  the  emitter  junction  and  therefore  the  total  majority 
current  from  Region  I  will  flow  across  It.  There  is  an  additional  feedback  current 
from  the  collector  contact  which  flows  through  the  distributed  Hi,  •  C'^p  network. 
This  region  can  be  incorporated  In  the  equivalent  circuit  of  Region  I,  therefore,  by 
connecting  the  distributed  lihCtc  network  in  series  with  the  base  ns  shown  in  Fig.  5. 


Fig.  5  -  Distributed  equivalent  circuit  of  Fig.  1 


18 


Region  III 

Since  the  base  stripe  has  a  conductivity  much  larger  than  that  of  the 
base  underneatli  and  h  »  the  bulk  of  the  base  current  from  Regions  I  and  II 
will  flow  into  the  edge  of  the  base  stripe  adjacent  to  the  emitter.  It  follows  that  tlie 
part  of  the  transverse  base  current  under  the  base  stripe  can  be  omitted.  There 
remains  the  collector -base  capacitance  representing  the  feedback  current  to  the 
base  stripe  which  can  be  incorporated  into  the  equivalent  circuit  as  a  parallel 
capacitance  to  the  collector  and  base  terminals. 

Region  IV 

This  region  is  defined  by  the  remaining  area  of  the  collector  junction  and 
base.  It  is  similar  to  Region  III.  The  transverse  base  resistance  has  to  be  taken 
into  account,  however,  because  feedback  current  flows  in  the  transverse  direction. 
This  region  therefore  can  be  incorporated  into  Fig.  5  parallel  with  the  collector  and 
base  terminals. 

Fig,  5  shows  the  equivalent  circuit  of  the  mesa  structure  with  distributed 
R  -C  elements.  Further  simplification  of  this  equivalent  circuit  is  necessary  for 
practical  use.  The  R-C  distributed  transmission  line  shown  in  Fig.  6  can  be  repre¬ 
sented  by  a  symmetrical  ir  equivalent  as  shown  in  Fig.  7  (Ref.  2)  where 

R  is  the  transverse  series  resistance  per  unit  length, 

C  is  the  shunt  capacitance  per  unit  length,  and 

d  is  the  length  of  the  transmission  line. 


a 


Z|>>ZoSinh  yd 


Z|«ZoCOTH.^ 


- - 1 _ I - 


1 1 


Z,  =ZoCOTH-^ 


Fig.  0  -  Distributed  R-C  transmission  line 


Fig.  7  -  w  circuit  representation  of  Fig.  6 


If  VR  •  jiuc  ■  ‘.t;  1 ,  the  series  expansion  of  the  hyperbolic  functions  can 
be  used.  Neglecting  the  higher  power  terms  yields  the  lumped  circuit  representa¬ 
tion  shown  in  Fig.  8.  By  substituting  the  lumped  ir  network  into  Fig.  5,  assuming 
that  Region  IV  is  represented  by  a  lossless  capacitance  and  that  in  the  feedback 
time  constant  the  capacitive  effect  of  Region  II  is  negligible,  Fig.  9  is  obtahied. 

The  limited  space  here  does  not  allow  detailed  analysis  but  it  can  be  shown  that 
for  practical  devices  the  assumption  used  does  not  represent  significant  error  in 
the  equivalent  circuit  presentation. 

In  tlie  analysis  only  half  of  the  structure  has  been  considered.  The  other 
half  of  the  structure  can  be  considered  as  an  identical  parallel  transistor,  there¬ 
fore,  for  the  three-stripe  structure  Fig.  10  can  be  simply  obtained. 
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Fig.  8  -  Lumped  circuit  representation  of  Fig.  7 
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Fig.  9  -  Eclulvalciit  circuit  for  half  of  the 
llu'cc-Hlrlpc'  Hlruclui’c 


Fig.  10  -  Equivalent  circuit  for  the 
throe-stripe  structure 


2.2.2  Measurements  on  M2260  Hlgii  Frequency  Power  Transistors 

Detailed  evaluation  of  the  analyses  presented  have  not  been  completed. 
Sonic  nieasurcments  have  been  made,  however,  which  Indicate  the  importance  of 
some  of  tlie  points  raised  in  the  analyses. 

The  following  measurement  results  are  given  for  only  one  M2260  tran¬ 
sistor.  Improved  parameters  have  been  obtained  with  some  modification;  the  results, 
however,  give  an  insight  into  the  problems  Involved. 

DC  measurements  have  been  made  between  the  two  base  stripes  (emitter 
open  circuited)  and  between  the  emitter  and  the  parallel  base  stripes  resulting 
(see  Fig.  11) 


+  2Rbg  -  llOfl 

=  4n . 

2 

From  the  two  mea.surements  Ri,2  =  812  and  Rbi  =  4712,  the  dc  or  low- 
frequency  base  resistance,  assuming  there  is  no  bypassing  effect  due  to  Re  (y{e)> 


Rb2 

Rin  *  3 

2 


>'6 


11.8S2. 
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Fig.  11  -  DC  base  resistance  of  the  three-stripe  mesa  structure 


For  tlio  same  transistor  fi(,  =  18.  Assume  /^=  -100  ma.then  for  half 
the  structure 


-TT-7 - r  =  =  180.52  =  9.4« 

^e(yu;) 

L-  -^7 

^  =  9.4  = 

From  Fig.  3  it  can  be  seen  tliat  the  bypassing  effect  ol  Re  (y/f> )  is  not 
very  important  at  /,,  =  -100  ma,  but  it  becomes  very  significant  if  i.s  further 
increased. 

The  is  approximately  50  pf  (C/,  v.  C'/,, ),  whlcli  at  /  =  1  Gc/s, 
represents  -  /3.2fl.  Its  value  is  thus  close  to  that  of 

As  a  consequence  of  the  above,  the  simple  frcciucncy  independent  approximation  is 
not  valid  at  large  currents. 

In  order  to  dotorminc  the  high-frequency  base  impedance,  fi'y/,  has  boon 
measured  as  a  function  of  frequency  at  -  -50  ma.  Tlie  results  of  tlic  measure¬ 
ments  are  given  in  Fig.  12. 

From  Fig.  13 


fi'rh  =  (25) 

assuming  that  the  effect  of  the  Internal  parameters  on  is  negligible  and 

1 


Xh  I  « 


wC\ 


(26) 


Assume  that  2/,  is  represented  by  a  parallel  ri,  and  Cb  network  then 


Imih'r^)  -  j^C\  ■  r, 


■r, 


1  rft" 


(27) 

(28) 


If  M^ChrS  »  1 


(29) 


Fig,  13  -  Equivalent  circuit  for  the  mesa  Hiruoturo 
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(31) 


Fig.  12  shows  that  He  {h\i, )  approaches  a  value  of  approximately  0.1  as 
the  frequency  Increases.  Therefore 


»  0.1 

C'b 

C'l  =  1.2  pf  at  Vcf,  =  -5  V 


and  therefore 
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Assumii^  the  approximation  given  in  Equation  (22) 

®  i^te  +  Cfi  ) 

^te  +  Cb  ~  60  pf. 


has  been  measured  directly  giving  50  pf,  which  is  in  good  agreement 
with  the  60  pf  obtained  for  and  Cb  .  In  the  calculaUon,  lead  inductance  effect 
has  been  neglected;  therefore,  measurements  have  not  been  made  over  600  mc/sec 
where  lead  inductance  effects  are  significant. 

It  is  useful  to  note  that  if  only  Re  {Zb)  were  significant,  i.  e.  just  base 
resistance  present,  then  Re  )  a  0  and  lin  {li' yi,)  =  ju)C\  ■  rf, .  The  large,  real 
part  of  k'  yf,  Indicates  that  a  significant  phase  change  occurs  probably  due  to  Zb  . 


2.3  CONCLUSIONS 

The  bypassing  of  the  transverse  base  resistance  by  Cfg  +  Cf,  at  high  frequen¬ 
cies  and  by  He  {yic)  at  high  current  levels  has  been  evaluated.  It  is  shown  that  due 
to  the  bypassing  effect  of  Re  {y{g )  significant  change  can  result  in  the  base  resist¬ 
ance,  therefore  the  base  resistance  can  vary  as  the  function  of  ac  current  level 
causing  current  dependent  nonlinearity.  At  very  high  frequencies  the  bypassing 
effect  of  Cip  +  Cb  gives  rise  to  a  capacitive  phase  and  amplitude  change  in  tiic 
base  resistance  which  under  special  cases  can  be  represented  by  a  parallel  RC 
network. 

A  lumped  equivalent  circuit  representation  has  been  presented  for  the  three- 
stripe  base  structure  on  the  basis  of  Pritchard's  two-dimensional  analysis.  The 
calculations  show  that  for  the  microwave  power  transistor  significant  amplitude 
and  pliasc  change  can  occur  in  the  base  impedance  which  have  to  be  taken  into 
account  in  the  power  gain  calculation.  Measurement  results  are  presented  for  the 
M2260  power  transistor  wliich  show  that  significant  change  can  result  in  Zi,  at 
high  current  levels  and/or  high  frequencies. 
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Chapter  3 


STORED  CHARGE  IN  THE  BASE 


LAYER  OF  TRANSISTORS 


By  T.  B.  Ramachaiidran 


3.1  INTRODUCTION 

One  of  the  fundamental  quantities  associated  with  a  device  like  a  transistor  is 
the  control  cliargc  stored  in  the  base  (including  the  transition  region).  Knowledge  of 
the  variation  of  this  control  charge  with  current  and  voltage  is  necessary  to  predict 
the  detailed  properties  of  the  device.  The  equations  governing  the  minority  (or  major¬ 
ity)  carrier  distribution  in  low  electric  field  regions  arc  well  known.  These  have 
been  solved  by  various  authors  (Refs.  1,  2,  3)  under  some  restrictive  conditions. 

A  review  of  various  assumptions  and  validity  of  the  resulting  solutions  is  given 
in  this  chapter.  Some  of  the  problems  encountered  In  removing  the  restrictive  con¬ 
ditions  are  enumerated. 

As  an  initial  step,  the  condition  of  approximate  space  charge  neutrality  has  been 
relaxed  and  a  program  for  numerical  solution  for  the  carrier  density  distribution  is 
in  preparation.  This  chapter  describes,  qualitatively,  the  nature  of  the  expected 
solutions. 

In  the  appendix,  the  validity  of  the  low  field  equations  for  current  and  Einstein’s 
relationship  is  examined, 

Considerations  arc  restricted  to  a  one-dimensional  p-n-p  transistor. 


3.2  CRITIQUE  OF  THE  PRESENT  TRANSISTOR  THEORY 

The  equations  tiiat  determine  the  current  flow  and  the  carrier  densities  in  low 
electric  field  regions  are 


qiifipli  - 

(1) 

(IH„nE  -  qD„Vn 

(2) 

rp  ^  ^ 

(3) 

^  (p+N-n) 

(4) 
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where  the  symbols  have  the  usual  meaning  and  jV  =  ^{x)  is  the  impurity  density. 

A  general  analytical  solution  to  these  equations  is  impossible  because  of  the  non¬ 
linearity  of  the  resulting  differential  equations.  An  analytical  solution  may  be  obtained 
under  some  simplifying  approximations. 

The  simplest  approximation,  valid  at  very-low  current  densities,  is  that  the 
electric  field  due  to  injected  carrier  densities  may  be  neglected.  Thus  for  N  =  , 

a  constant,  Shockley  obtained  tlie  solution 

1)  =  +  Be 

where  A  and  B  are  arbitrary  constants  and  Lp  -  / Dp  Tp  is  the  diffusion  length. 

For  an  exponential  impurity  distribution,  the  solution  has  been  given  by  Kromcr 
(Ref.  4). 

Webster  (Ref.  2)  and  Rittner  (Ref.  3)  extended  the  low-level  theory  by  neglecting 
recombination  in  the  base  and  assuming  the  electron  current  in  the  base  to  be  zero. 

The  electric  field  in  the  base  due  to  the  carrier  densities  follows  from  the  latter 
assumption  and  is 


_  __  1_  ^ 
kT  n  fix 

Assuming,  further,  quasi  space  cliarge  neutrality,  the  solution  for  N  -  &  con 

stant,  is 


2 


P 

Nr! 


C  - 


(/  Dp 


where  C  is  an  arbitrary  constant. 

For  any  other  impurity  distribution,  numerical  solutions  only  are  possible. 

To  obtain  a  particular  solution,  we  require 

(1)  the  width  of  the  base  for  which  the  solution  is  valid  and 

(2)  the  boundary  values  for  the  carriers. 

For  the  normal  operation  of  the  transistor,  the  width  of  the  base-emitter  space 
charge  region  may  be  neglected.  Thus,  the  effective  quasi-neutral  base  width  W  is 
11’  =  Wb  -  as  Illustrated  in  Fig.  14.  The  boundary  values  at  the  edges  of  the 
quasi-neutral  region  are  obtained  by  assuming  that  the  Injected  carrier  density  at 
the  edges  is  proportional  to  e  ,  where  V  Is  the  forward  bias  across  the  junction. 
For  a  reverse-biased  junction,  V  is  negative  and  with  I  1/  I  »  kT/q  ,  the  carrier 
density  is  nearly  zero. 

In  a  simple  way,  we  may  show  that  a  zero  carrier  density  requires  an  infinite 
carrier  velocity  for  a  finite  current.  For,  if  V  is  tlie  carrier  velocity,  the  current 
density  may  be  written 


Jp  =  <tpV 
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Fig.  14  -  Simplified  one-dimenslonal  transistor 


Thus,  for  /)  =  0,  K  —  00  for  a  finite  Jj, .  This  reasoning  applies  equally  to  dc  and 
ac  solutions. 

The  theory  outlined  above  worked  well  for  large  base  width  transistors  since 
the  carrier  transit  time  across  the  transition  region  was  negligible  in  comparison 
with  the  neutral  base  transit  time.  These  two  transit  times  arc  comparable  for 
small  base  width  transistors. 

As  a  first  approximation,  we  may  assume  with  Early  (Ref.  5)  that  the  carrier 
density  is  constant  throughout  the  transition  region  and  given  by 


1*0  ~  ^mux 

where  t'njnx  is  tlie  scatter  limited  velocity.  The  carrier  transit  time  if  In  a 
region  of  width  A",,,,  then,  is 


X, 


lllL. 


2V 


max 


Xi)i  in  the  first  approximation  is  considered  to  be  voltage  dependent  only.  The  de¬ 
pendence  of  X,„  on  current  has  been  considered  by  Kirk  to  explain  the  fall-off  of 
common-emitter  unity  gain  frequency  /'/■  at  high  currents. 

It  is  shown  in  the  appendix  that  in  high  electric  field  regions  such  as  the  collec 
tor  barrier  region,  the  carrier  distribution  function  deviates  substantially  from  its 
thermal  equilibrium  value.  In  such  a  case,  we  have  to  consider  the  diffusion  com¬ 
ponent  of  tlic  total  current  also.  Thus,  wlillc  Early's  approximation  may  be  valid  at 
low  currents,  it  appears  that  extension  to  high  currents  is  not  justified. 


3.3  EXTENSION  OF  THE  PRESENT  THEORY 

The  preceding  modification  of  the  present  theory  by  Early  has  been  used  to 
predict  f-p  of  high  frequency  mesa  transistors,  A  considerable  discrepancy  exists 
bi'jtweeii  llie  measured  and  the  predicted  values.  Also,  influence  of  the  collector  im¬ 
purity  density  on  the  parameters  of  the  transistor  (except  in.<jofar  as  the  width  of 
the  transition  region  is  concerned)  is  not  known.  Thus,  a  numerical  solution  to  the 
Equations  (1)  through  (4)  without  the  approximation  of  a  quasi-neutral  base  region 
is  desirable. 
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Since  our  attention  is  to  be  focussed  mainly  on  high  frequency  transistors,  we 
may,  without  serious  error,  neglect  recombination  in  the  base  layer  and  assume 
Tj,  "1.  Also,  the  assumption  of  zero  electron  current  in  the  base  is  a  satisfactory 
one. 

For  a  straight-forward  numerical  solution  of  the  problem,  we  would  have  as 
lx)undary  conditions  known  value  of  carrier  densities  at  the  emitter  and  collector 
ohmic  contacts.  Such  an  attack  is  precluded  by  the  fact  that  an  infinite  time  would 
bo  required,  in  the  absence  of  any  criterion  for  the  choice  of  first  and  second  deriv¬ 
atives  of  carrier  densities  at  the  ohmic  contact,  to  obtain  the  proper  solution. 

The  assumption  of  zero  electron  current  in  the  base  necessitates  a  zero  electron 
current  throughout  the  transistor.  Such  an  assumption,  admittedly  a  good  one  for  tlie 
base,  would  imply  the  constancy  of  the  quasi-fermi  level  for  electrons  in  the  collec¬ 
tor  and  emitter.  To  avoid  the  resulting  singularity  at  the  junctions,  we  have  to  allow 
for  electron  current  tliroughout  the  transistor  or  neglect  consideration  of  the  collec¬ 
tor  and  emitter  regions. 

It  has  been  decided,  in  view  of  the  foregoing,  to  consider  the  base  region  only 
for  the  present.  A  computer  program  to  carry  out  the  numerical  integration  of 
Equations  (1)  through  (4),  as  outlined  below,  is  in  preparation. 

We  assume  an  impurity  distribution  in  the  base.  The  solution  is  begun  at  a  still 
undefined  plane  X  =  0  near  the  emitter-base  junction.  For  want  of  a  better  condition, 
we  assume  that  at  this  plane  the  base  is  exactly  space  charge  neutral.  In  other  words 


Further,  we  assume  that 


dE 
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I)  (.v)  and  n  (  v  )  can,  then,  be  obtained  numerically  for  different  Initial  values  of 
at  this  plane.  Tlic  stored  majority  carrier  charge  between  any  two  planes  .Y  =  Xn 
and  X  =  can  be  obtained  from 
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This  equation  is  a  consequence  of  Equations  (1)  and  (2)  with  J„  =  0. 

The  electric  field  is  also  obtained  as  a  function  of  X.  This  process  may  be 
stopped  when  the  electric  field  exceeds  a  conveniently  large  value.  From  qualitative 
considerations,  wc  expect  the  solutlniiK  to  have  the  nature  shown  in  Fig.  15.  For 
each  initial  choice  of  />„  ,  a  family  of  curves  for  different  values  of  J/,  would  be 
obtained.  The  minimum  in  the  p  {x  )  curve  arises  from  the  product  (pli)  increasing 

faster  than  ^  — 


fix 


Physically,  the  minimum  of  p  (.v )  follows  from  the  following 


Fig.  16  -  Expected  qimlllativc  solutions  to  the 
charge  dislrlhullon  problem 


reasoning.  The  electric  field  must  change  sign  near  the  emitter-base  Junction. 
Hence,  near  the  emitter  where  the  electric  field  passes  through  zero,  the  current 

Is  entirely  carried  by  diffusion,  and  ~~  is  negative.  The  electric  field  away  from 

ax 


this  plane  Increases  with  X 


giving  rise  to  a  fall  In 


(lx 


Thus,  the  drift  component  of  current  Increases  with  X 


It  sliould  bo  noticed  that  the  solutions  to  be  obtained  would  not  yield  the  stored 
charge  for  a  glvwi  device.  To  relate  the  solutions  to  a  given  device,  the  emitter 
and  collector  regions  need  consideration.  This  problem,  still  unsolved.  Is  being 
actively  pursued. 


APPENDIX 


GENERALIZED  EINSTEIN  RELATIONSHIP 


For  low  values  of  electric  field,  the  mobility  n  and  diffusion  coefficient  D  are 
related  by  Einstein’s  relation 


fi 

IT 


e/iiT 


where  e  is  the  magnitude  of  the  electronic  charge  and  T  is  the  lattice  temperature. 

hi  tlie  presence  of  moderate  or  high  values  of  electric  field,  the  electron  distri¬ 
bution  no  longer  corresponds  to  the  temperature  characteristic  of  the  lattice  temper¬ 
ature,  The  reason  for  this,  of  course,  is  that  the  electron  energy  is  altered  consid¬ 
erably  between  collisions.  This  change  in  the  moai\  energy  of  the  electrons  would 
represent  a  large  change  in  the  effective  temperature  of  the  electrons.  Thus,  the 
electron  distribution  is  out  of  temperature  equilibrium  with  the  lattice. 

Li  this  range  of  electric  fields,  the  inelastic  collisions  of  the  carriers  with  the 
acoustical  and  optical  modes  of  lattice  vibrations  lead  to  a  first  order  variation  of 
mobility  with  the  electric  field.  This  variation  has  been  considered  by  a  number  of 
authors  (Refs.  6,  7).  Their  conclusions,  well  supported  by  experimental  evidence,  is 
that  the  carrier  velocity  remains  essentially  constant  at  very  high  electric  fields. 
Thus,  the  majority  carrier  current  is  saturated. 

In  a  reverse-biased  collector  Junction,  the  electric  field  is  high  enough  for  the 
carriers  to  have  reached  the  maximum  velocity.  The  question  arises  naturally 
whether  the  current  is  limited  and  whether  the  current  is  carried  entirely  by  the 
electric  field.  In  other  words,  what  Is  the  relationship  between  mobility  and  diffusion 
coefficient  in  high  field  regions?  Also,  can  the  total  current  through  a  region  of  high 
electric  field  be  represented  as  a  sum  of  a  drift  current  and  a  diffusion  current? 

To  answer  these  questions  satisfactorily,  it  is  necessary  to  proceed  from  micro¬ 
scopic  considerations  only. 

We  shall  consider  only  the  carrier  motion  along  the  direction  of  the  electric 
field. 


heif(Z,  V)dVdz  denote  the  number  of  carriers  with  velocities  in  the  range  dV 
in  a  slab  of  thickness  dz  .  Under  steady-state  conditions,  Boltzmann's  trtmsport 
equation  gives: 
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^  -JL  _  r/{Z,V')F{c^c')dV' 
t(c)  ~  J 
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where 

m  is  the  mass  cf  the  carriers 

is  the  velocity  along  the  z  direction 
c  =  I  1  is  the  speed  of  the  carriers 

T  =  mean  free  time,  assumed  to  be  dependent  only  on  the  speed  of  the 
carriers 

F{c-~c' )  is  the  collision  kernel  denoting  the  probability  of  transition  from 
speed  c'  before  collision  to  speed  c  after  collision  and 

V  -  components  of  velocity  in  the  rectangular  coordinate  system. 

The  integral  on  the  right  hand  side  represents  the  carriers  scattered  into  the 
region  under  consideration.  If  the  collision  kernel  is  spherically  symmetrical,  then 
the  Integral  is  a  function  of  c  alone.  Thus,  multiplying  throughout  by  t(c)  Vg  and 
Integrating  over-all  V,  this  term  would  vanish  because  of  symmetry. 

Thus: 


'Oz  WJ 


dV  +  f fV.  civ  =  0. 

oVg  J  ■ 


The  same  result  would  follow  if  f{z,  V' )  is  spherically  symmetrical  and  for 
any  F(c  — r' ).  Thus,  in  general,  for  small  departure  from  spherical  symmetry  of 
/  and/or  F,  the  integral  would  be  approximately  zero. 

Now 
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dV  =  J ,  the  current  through  the  region. 


Hence; 


or,  since 
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We  have: 


];y-(rVz)rfV 


The  other  term  vanishes  due  to  requirements  of  finiteness.  Changing  the  variables 
to  spherical  coordinates  defined  by; 
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H  a  COS  9 
C  a  I  V  I 
2  a  2 ,  and 

a  flC 

We  obtain: 

j  =-2'ne-^  J dc  dy.  +  f  fc^ 

The  number  of  carriers  N  in  the  volume  under  consideration  is  given  by: 

N  =  f/dV  =  2n  Jfc^  dc  dp.  . 


Thus: 


</  =  {ND)+  lei  €  Np 

where 


(3) 


^  _  fp‘c*  Tf  dc  dp 
/ /  <■;*  dc  dp 


and 


jel  J/c"  (t  +  m*c 
w  //  dc  dp 


Thus,  we  find,  in  general  that  the  current  J  could  be  expressed  as  the  sum  of  two 
currents— one  representing  the  current  carried  by  the  electric  field  and  the  other 
due  to  the  diffusion  of  carriers. 

If  Z)  is  Independent  of  position,  we  obtain  the  usual  form  for  the  total  current, 


t/  a  eepN  ^  eD 


For  a  distribution  function  of  Maxwellian  type: 

-E/kT„ 
Ac  '  ^ 


where  Tg  is  the  effective  temperature  and  E  is  the  energy  and  for  spherical  constant 
energy  surfaces,  l.e,  we  obtain: 


= 


J 

m  'I  m 


'Pt 

QE 


dE 


J  \  £1/2  dE 


31 


/  rE^/^  dE 
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/  eV*  dE 


If  further,  the  mean  free  path  X 


c  T  is  independent  of  energy,  we  obtain: 
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Thus,  treatment  of  the  high  field  region  of  a  reverse-biased  junction  requires 
that  Equation  (3)  be  used. 

The  equivalent  temperature  Tg  depends  on  the  energy  acquired  by  the  carriers 
between  collisions  and  is  thus  a  function  of  the  electric  field.  The  dependence  of 
Te  on  the  electric  field  in  low,  moderate  and  high  electric  field  regions  has  been 
shown  (Ref.  8)  to  be  as  follows: 


and 
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in  low  electric  field 

=  m''’ 

^  c 
u 

in  moderate  electric  field 

in  high  electric  field 

where  is  the  low  field  mobility,  «  Is  the  velocity  of  sound,  T  is  Urn  lattice 
temperature  and  /f  la  a  constant. 

An  idea  of  the  numerical  magnitude  may  be  obtained  by  using  Shockley’s  data 
(Ref.  0): 


I 


Te  =  550' K 

H  =  1.5x  10’ cm* /volt  sec 
e  =  4000  V/cm 

Fur  these  data,  we  obtain  a  diffusion  coefficient  of  70.  This  is  nearly  that  which  is 
obtained  at  low  electric  fields. 
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Chapter  4 


AVALANCHE  MULTIPLICATION  IN  GERMANIUM 
PNP  DIFFUSED- BASE  TRANSISTORS* 

By  A.  B.  Kupur 


4.1  INTRODUCTION 

Development  of  high  power  diffused-base  germanium  transistors  (DBGT)  ha.*! 
been  impeded  by  the  inability  to  realize  the  breakdown  voltages  which  should  be 
obtained  for  the  collector  resistivity  selected.  Surface  breakdown  has  frequently 
boon  invoked  to  explain  this  observation.  To  obtain  a  better  understanding  of  the 
cause  of  the  low  breakdowns,  a  study  of  avalanclie  multiplication  in  PNP  germani¬ 
um  diffused-base  transistors  with  lightly  doped  collectors  has  been  made  and  is 
reported  herein. 

S.  L.  Miller  (Ref.  1)  observed  that  the  collector  characteristics  of  alloy  tran¬ 
sistors  at  constant  emitter  current  approximately  fit  a  multiplication  expression: 

A/-  1/|1  -  (K/K/i)”  ]  (1) 


whore 

M  =  multiplication 

V/j  =  collector  breakdown  voltage 

V  -  collector-base  applied  bias 

II  =  a  constant,  ~  3  for  holes 

although  he  did  not  correct  for  base  width  narrowing  effects.  He  then  assumed 
Equation  (1)  was  correct  and  used  measurements  of  floating  base  breakdown  on 
many  transistors  with  the  same  base  doping  but  different  current  gains  and  break¬ 
down  voltages  to  determine  n  .  This  two-terminal  breakdown  method  included  sur¬ 
face  currents,  However,  from  the  interpretation  of  the  data,  the  contribution  from 
surface  breakdown  was  shown  to  bo  small  In  those  transistors. 

In  the  present  work  collector  characteristics  due  to  holes  injected  into  the 
collector  junction  under  the  emitter  are  measured  at  constant  lp_.  Surface  currents 


♦  The  work  reported  here  was  not  done  under  this  contract,  but  is  included  because  of  Its 
relevance. 


33 


34 


are  measured  separately.  This  is  possible  because  the  emitter  injects  carriers 
into  the  collector  junction  a  sufficient  distance  from  the  free  surface  of  the  collec¬ 
tor  in  the  DBGT  so  that  one  may  separate  tody  and  surface  current  by  a  three- 
terminal  measurement.  The  method  takes  base  width  changes  into  account  and 
requires  no  a  priori  assumption  of  M(V). 

It  is  found  that  Equation  (1)  is  closely  fitted  by  our  data,  that  ;/  a  3  as  Miller 
reported,  and  that  body  breakdown  (Vb)  is  low  in  DBGT.  The  principal  cause  of 
the  low  Vn  observed  with  2  ohm-cm  P-type  collector  starting  material  appears 
to  bo  copper  contamination.  Careful  measurement  of  collector  capacitance  indicates 
an  added  barrier  fixed  charge  density  of  10*®  which  corresponds  to  copper  satura¬ 
tion  of  3x10*  '  at  the  base  diffusion  temperature.  Taking  this  into  account,  values 
of  Vii  obtained  in  the  present  work  in  the  neighborhood  of  1.6  ohm-cm  P-type 
collector  resistivity  are  approximately  15  per  cent  lower  than  those  reported  by 
Miller. 

This  Vji  which  should  be  used  in  using  Equation  (1)  for  purposes  of  transistor 
design  is  found  to  be  about  18  per  cent  larger  than  that  conventionally  measured 
on  an  oscilloscope. 


4.2  METHOD  OF  MEASUREMENT 

In  a  three-terminal  measurement  of  body  multiplication  the  preferred  method 
is  to  maintain  emitter  current  (i^)  constant.  Then,  as  the  reverse  collector -base 
voltage  (V)  is  Increased,  the  injected  collector  current  (it)  is  independent  of  the 
base  narrowing  which  results  from  collector  barrier  widening  (Ref.  2).  The  follow¬ 
ing  designations  will  be  used. 

Unprlmcd  currents  arc  total  currents. 

Primed  arc  those  resulting  from  forward-biasing  the  emitter. 

Doubled  primed  are  those  currents  measured  in  the  experiment. 

Superscript  ii  designates  currents  which  flow  when  tlic  emitter  is  reverse- 
biased. 

The  observed  injected  collector  current  {/"c)  will  increase  for  fixed  emitter 
current  not  only  because  of  multiplication  but  also  because  of  a  decrease  in  injected 
base  current  (f'/j),  i)i  will  decrease  in  general  as  the  collector-base  voltage  is 
increased  for  two  reasons:  (1)  Is  decreasing  nnd  (2)  the  base  width  is  de¬ 
creasing.  Li  the  diffused  base  transistor,  I'b  Is  independent  of  base  width,  as  will 
be  shown  experimentally,  because  base  recombination  is  negligible.  Thus,  wo  need 
to  consider  only  I'a  which  we  can  measure. 

The  method  is  shown  schematically  in  Fig.  16.  At  a  fixed  value  of  Vcb,  the 
emitter  is  first  reverse-biased  so  that  no  current  is  injected  into  the  collector. 

In  Fig.  16(a)  are  shown  the  currents  which  flow.  These  currents  will  contain 
surface,  space  charge  recombination,  and  Internal  field  emission  current,  and  are 
subtracted  from  the  body  currents  measured  in  the  following  steps. 

At  the  same  value  of  Ven,  the  emitter  is  next  forward-bia-sed  to  a  constant 
//?  us  shown  in  Fig.  16(b)  and  the  collector  current,  I”c,  due  to  injection  and 


35 


(BUCKiNe  CIRCUITS  WHICH  CANCEL 
Ib”  and  Ic'^  are  not  shown) 


(ai  (b)  (c) 

Fig.  16  -  Experimental  method,  (a)  Both  junctions  reverse  biased,  (b)  After  bucking 
the  currents  shown  In  (a),  emitter  Is  forward  biased  with  V  unchanged. 

(c)  Circuit  to  obtain  the  base  current  due  to  forward  emitter  bla.s  when  M  =  1 


collector  multiplication  is  measured.  The  emitter -base  voltage  required  to  main¬ 
tain  Ijj  is  also  measured. 

Li  order  to  know  how  much  of  the  increase  in  /'[■  is  due  to  collector  multipli¬ 
cation  as  VcB  Is  increased,  one  needs  to  measure  the  base  current  as  a  function 
of  V)^jj  separately,  with  A/  =  1.  This  may  be  done  at  Van  =  0  as  shown  in 
Fig.  16(c)  where  the  observed  base  current  is  designated,  =  /’hi  ■  Thus 

we  have  /'b(Fcfl)  and  /')ji  (Vcn).  Multiplication  at  a  pai'licular  collector-to-basc 
voltage  can  now  be  calculated  from  the  equation 

M  =  1”c/(Jb  -  .  (2) 

4.3  EXPERIMENT 

The  experiment  consisted  of  measurements  of  dc  transistor  currents  as  a 
function  of  junction  biases.  Batteries  were  used  to  supply  the  necessary  voltages. 
The  emitter  supply  could  be  switched  from  a  fixed  reverse  to  a  variable  forward 
bias,  Emitter  current  and  collector  voltage  wore  measured  with  a  meter  accurate 
to  1/2  per  cent  of  lull  scale.  Emitter-base  voltage  was  measured  to  five  significant 
figures  using  a  slide-wire  potentiometer.  Collector  and  base  currents  were  meas¬ 
ured  will)  an  accuracy  of  2  per  cent  using  calibrated  dc  amplifiers  and  digital 
vultinctcrs.  Circuits  were  provided  to  balance  out  the  measurement  of  the  base 
and  collector  currents  flowing  when  the  emitter  was  reversed.  To  assure  that 
bucking  remained  constant  during  measurement,  the  transistor  was  clamped  to  a 
brass  block  whose  temperature  was  maintained  at  30’  C  0.1*  C.  The  power  dissi¬ 
pated  within  tlie  device  was  kept  low  so  that  Internal  temperature  rise  would  be 
Insignificant. 

Tlie  experimental  procedure  was  as  follows.  The  collector  and  emitter  diodes 
were  reverse-biased  at  fixed  values  of  Fj'/j  and  Kg/j;  and  the  collector  current 
was  balanced  to  zero  by  offsetting  the  zero  of  the  measuring  Instrument.  The 
emitter  was  then  forward-biased  to  inject  current  1  b.  Collector  current  and  Vp/j 
wore  then  measured  for  each  value  of  Ven  up  to  that  at  which  the  collector  current 
had  approximately  doubled  (A/  =  2).  The  collector  was  tlien  connected  to  the  base 
and  the  base  current  measured  as  a  function  of  The  previous  Vfrj)  data 

could  then  be  used  to  obt.ain  the  base  current.  1%  .  which  would  be  observed  in  the 
absence  of  multiplication.  M  was  then  calculated  from  Equation  (2). 
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F<g,  17  -  Experimontal  data  for  one  ooiwonllunal  PNP  diffuBed-baso 
Qe  tranalator  with  2  ohm-om  P-type  collector  starting  resistivity 

(Ig  =  10  lia  refers  to  Iq  and  Ig.) 

In  Fig,  17  are  shown  data  for  one  conventional  PNP  DBGT  which  has  a  nearly 
step  collector  junction  with  a  nominal  2  ohm-cm  P-type  collector  region,  In  addi¬ 
tion  to  the  currents  Ih  and  /'bi  measured  with  «  lO.O  pa,  the  currents 

and  which  are  measured  with  the  omitter  reversed  are  also  shown.  These 
currents  would  give  a  spurious  collector  characteristic  If  a  two-terminal  meas¬ 
urement  were  made  of  this  collector  junction,  /"s  Is  the  base  current  observed 
after  bucking.  Note  that  at  1  volt, /"at  *  lie  °  3.46  +  0.60  =  10.06  pa.  All  data 
cliecked  In  this  way  to  within  3  per  cent  at  low  collector  voltage.  A  1  per  cent 
correction  to  make  M  a  i  ,oo  °  constant  at  low  collector  voltage  represents  approx¬ 
imately  a  1  per  cent  change  In  Vb  and  a  6  per  cent  change  in  n  . 

Also  shown  In  Fig.  17  are  lie  and  /"b  vs.  collector  voltage  when  V^b  °  con¬ 
stant.  Two  things  should  be  noted;  (1)  /'b  {^eb  =  constant)  =  constant  until  M>\, 
l.e.  the  base  current  Is  independent  of  base  width  and  (2)  lie  {^kb  ~  constartl)  is 
base  width  dependent. 

In  Fig.  18  are  data  at  /g  =  55.0  pa  for  the  same  transistor.  The  multiplication 
Is  independent  of  Ie  at  these  current  levels  as  can  be  seen  by  comparing  Figs.  17 
and  18. 

The  data  of  Fig.  17  when  put  into  Equation  (2)  give  M  =  1.015  for  F  <  10  volts. 
Since  M  is  observed  to  be  constant,  It  is  assumed  M  «  1 .000  at  low  voltage,  the 
deviation  being  due  to  systematic  error.  If  all  M  are  divided  by  1 .015,  tho  result  is 
shown  in  Fig.  19.  The  correction  has  negligible  effect  for  M  >1,05  above  which  point 
Equation  (1)  is  seen  to  hold. 
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TABLE  4-1 


1 

First 

®VcBO 

BVcbo 

Vb 

Starting 

Pp 

(ohm-cm) 

Junction 

|Nd-NaI 

(Xl0'*“) 

Transistor 

n 

1 

Correction 

Point 

(1  ma) 

1 

(S  ma) 

®'^CBod 

CE-9 

S8.0v 

3.32 

1.02 

15  V 

40.2  V 

51.2  V 

1 

1.18 

1.96 

3.0 

CC-5 

58.3 

3.38 

1.015 

IS 

49.4 

1 

51.0 

1.18 

2.1 

CJ-14 

62.0 

3.37 

1.010 

10 

1 

52.3 

54.4 

1.19 

2.0 

CC-11 

56.5 

3.08 

1.02 

15 

47.0 

48.7, 

1.20 

2.1 

CC-12 

55.7 

2.06 

1.03 

15 

46.2 

47.8 

1.20 

CE-22 

50.0 

3.41 

1.02 

20 

50.9 

52.6 

I'.lb 

2.26 

3.0 

CO- 18 

1.81 

2.9 

Cl  -20 

2.16 

2.5 

2105 

51.0 

3.04 

1.03 

17 

43.6 

1.17 

•1.0 

~3.6 

CK-23 

(EPI) 

~  200 

3to4 

1,01 

50 

100.0 

0.5 

24-12 

(PNP 

Alloy) 

158.0 

3.36 

1.011 

30 

119.0 

1.33 

3.0 

0.8 

Results  or  this  type  are  given  In  Table  4-1.  It  Is  noted  that  Vg ,  the  breakdown 
obtained  by  extrapolation  to  M  =  «>,  Is  a  good  number  as  shown  by  the  1:1  corre¬ 
spondence  between  Vg  and  the  breakdown  obtained  using  the  test  circuit  with 
emitter  open.  Vg  from  Table  4-1  are  compared  to  published  data  (Refs.  1,4)  In 
Fig.  2(c). 

Resistivities  given  In  Table  4-1  are  measured  starting  values  for  the  first 
eight  transistors  (2  ohm-cm  F-type),  Doping  obtained  from  collector  capacitance 
per  unit  area  is  given  in  the  last  column  and  is  seen  to  be  about  1  x  10'®  cm"®  more 
than  is  expected  from  the  starting  resistivity. 

The  2105  transistor,  a  conventional  DBGT  with  a  nominal  starting  1  ohm-cm 
P-type  collector  was  measured  as  a  check  on  the  method,  It  confirmed  the  oscillo¬ 
scope  observation  that  breakdown  voltage  was  about  20  per  cent  lower  in  1  ohm-cm 
as  compared  to  2  ohm-cm  P-type.  Collector  capacity  gave  approximately  the  start¬ 
ing  doping. 

The  PNP  alloy  transistor  was  measured  to  verify  the  high  Vg  measured  by 
other  methods.  It  was  a  unit  which  was  selected  because  the  collector  barrier  did 
not  reach  through  to  the  emitter  before  breakdown.  Although  the  experimental 
method  Is  not  Intended  for  alloy  transistors,  M  may  be  obtained  to  a  good  approxi¬ 
mation  since  the  base  current  of  interest  is  nut  a  strong  function  of  V.  This  can  be 
seen  experimentally  when  A/=  1  since  (F  =  0)  a  I'h  {V  ■-  25  volts),  Vg  =  158 
volts  is  in  satisfactory  agreement  with  Miller's  results  for  a  Junction  with  8x10'^ 
cm'®  fixed  charge  in  the  barrier  as  determined  from  capacity. 
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A  transistor  of  the  same  geometry  as  CC-5  but  made  with  a  collector  region 
consisting  of  13  microns  of  lightly  doped  epitaxial  Ge  deposited  on  a  degenerate 
seed  is  CK-23  in  Table  4-1.  Collector  capacity  gives  the  barrier  charge  equal  to 
5x10^'*  cm“®  and  shows  the  collector  barrier  sweeps  out  the  high  resistivity  region 
at  35  volts.  Above  this  voltage  the  electric  field  in  the  barrier  rises  faster  than  in 
a  simple  step  junction.  Nevertheless,  it  was  found  that  Ms  1.02  at  70  volts  which 
suggested  a.  Vb  »  200  volts  for  3  <  «  <4  in  a  thick  layer  of  this  material. 


4.4  DISCUSSION 

The  low  breakdown  observed  in  diffused  germanium  transistors  which  use 
2  ohm-cm  P-type  starting  collector  material  appears  to  be  due  mainly  to  an  in¬ 
crease  during  processing  of  the  fixed-charge  concentration  in  the  collector  barrier. 
Copper  introduced  during  diffusion  may  be  present  in  the  final  device  at  a  concen¬ 
tration  of  2  to  3  *  10 cm"^ ,  Triply  ionized  copper  could  then  increase  the  ionized 
acceptor  concentration  within  the  collector  barrier  by  as  much  as  9  ■  10^^  cm"®. 
Starting  with  2  ohm-cm  collector  resistivity  with  a  gallium  concentration  of 
1.8*10“  cm"® ,  Junction  capacitance/area  would  give  as  much  as  2.7  •  10“  cm-® 
in  approximate  agreement  with  the  data  in  the  last  column  of  Table  4-1.  Taking 
the  doping  change  into  account,  Vg  is  approximately  15  per  cent  below  Miller's 
value  as  shown  in  Fig.  20, 


Fig.  20  -  V3  results  from  present  method  compared  to 
published  BVcbo  o"  Indium  alloy  Irunuistors 


The  fact  tliat  body  avalanche  multiplication  measured  under  the  DBGT  emitter 
in  the  present  work  is  somewhat  higher  than  that  found  on  PNP  alloy  transistora 
witi)  Uie  same  collector  barrier  doping  might  be  due  to  high  multiplication  in  local¬ 
ized  areas  of  the  junction.  However,  examination  of  tlie  collector  current  shows  no 
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microplasma  noise  throughout  the  range  of  the  measurements.  High  multiplication 
occurring  essentially  homogeneously  over  the  junction  might  be  due  to  a  uniform 
distribution  of  defects  or  impurities  which  result  in  decrease  in  the  energy  required 
for  electron-hole  pair  production  in  the  collector  barrier.  This  might  arise  in  a 
particular  device  from  processing  steps  such  as  polishing,  heat  treatments,  or 
alloying. 

For  purposes  of  calculation  (Ref.  3)  it  is  desirable  to  know  the  parameters  to 
be  used  in  Equation  (1).  The  present  work  gives: 

n  =  3.2  ±  0.2  (3) 


for  holes  injected  into  a  step  barrier  extending  into  P-type  germanium  with 
Na  a  2  to  4x10^®  cm“®  .  Tliis  is  in  agreement  with  values  given  by  Miller.  The 
value  of  Vb,  it  appears,  must  be  measured  for  the  particular  type  of  transistor 
one  is  using.  If  one  makes  the  usual  collector  diode  measurement,  one  measures 
a  breakdown  voltage  which  is  dependent  on  surface  breakdown  and,  in  any  case,  is 
not  the  desired  value  at  Af  =  oo.  Empirically,  for  DBGT’s  given  in  Table  4-1,  a 
good  approximation  to  the  desired  Vb  is: 


Vb  =  l.ia  nVcBo  (^C  =  1  ina). 


(4) 
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TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEGRATED  CIRCUITS 


Chapter  5 


STATUS  OF  INTEGRATED  CIRCUITS 
AND  FUNCTIONAL  DEVICES 

By  R.  Lindner,  K.  E.  Martersteck,  Jr.,  and  J.  H.  Forster 


5.1  INTRODUCTION 

During  this  quarter  work  has  continued  in  several  areas.  The  fabrication  and 
evaluation  of  multiple-chip  integrated  circuits,  development  of  exploratory  tech¬ 
niques  for  fabrication  of  these  circuits  and  design  of  components  used  in  these 
circuits  have  been  continued. 

The  work  on  the  multiple  chips  has  included  completion  of  the  first-order  per¬ 
formance  evaluation  of  the  LLL  gates  incorporating  diffused-sllicon  resistor  chips 
discussed  in  the  previous  report  (Ref.  1).  The  previous  report  presented  data  on 
dc  input  margins,  turn-on  and  turn-off  times,  and  crosstalk  for  a  pair  of  two-dlode 
input  gates  incorporated  in  a  single  package.  During  this  quarter,  the  propagation 
delay  per  stage  for  similar  LLL  gates  has  been  determined  as  a  function  of  oper¬ 
ating  temperature,  for  fan-out  of  one  and  tliree.  These  delay  times  are  found  to  be 
about  five  and  six  nanoseconds,  respectively,  and  vary  only  slightly  with  tempera¬ 
ture.  Details  of  the  measurements  are  presented  below. 

Exploratory  work  on  the  Integration  of  film  resistors  is  also  being  carried  out. 
This  work  Includes  the  evaluation  of  suitable  substrates  for  the  film  components. 
Investigation  of  techniques  for  interconnection  with  semiconductor  devices,  and 
consideration  of  package  modifications. 

Finally,  the  function  of  the  multi-junction  level  shifter  diode  in  the  LLL,  NAND 
gate  configuration  has  been  reviewed.  Although  the  requirements  on  the  level 
shifter  have  been  considered  previously  (Ref.  2),  the  use  of  newer  components 
(planar)  diodes  and  planar  epitaxial  transistors)  in  the  chip  circuits  make  this  re¬ 
view  necessary.  In  particular,  it  has  been  shown  that  with  an  epitaxial  2N914  tran¬ 
sistor,  a  two-junction  level  shifter  provides  essentially  the  same  dc  input  margins 
as  a  three-junction  shifter  working  into  a  nonepitaxial  transistor.  The  stored 
cliargc  requirement  on  tiie  level  sitUler  and  tlie  turn-off  time  for  the  gate  are  also 
reduced  when  the  epitaxial  transistor  is  used.  Measurements  of  dc  characteristics 
for  one-,  two-  and  three- junction  level  shifters  at  operating  temperatures  from 
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room  temperature  to  80"  C  are  discussed  below.  In  addition,  stored  charge  and 
switching  time  measurements  for  the  2N914  epitaxial  transistor  are  included. 

5.2  PROPAGATION  DELAY  MEASUREMENTS 

The  integration  of  a  pair  of  two-input  LLL  gates  (including  diffused-sllicon 
resistors)  in  a  single  9 -pin  header  has  been  discussed  (Ref.  1).  The  package  layout 
and  schematic  are  shown  in  Fig.  21.  Further  tests  have  been  conducted  during  this 
quarter  to  check  the  circuit  operating  characteristics.  The  most  significant  of 
these,  the  propagation  delay  time,  has  been  measured  using  the  circuit  arrangement 
indicated  in  Fig.  22.  The  dotted  lines  indicate  gates  in  the  same  package.  The  first 


Fig.  21  -  Schematic  and  package  layout  for  double  LLL  gate 


Fig.  22  -  Propagation  delay  time  measurement  circuit 
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Table  5-1 

PROPAGATION  DELAY  TIMES  FOR 
INTEGRATED  LLL  GATES 


Temperature 

Propagation  Delay 

Per  Stage,  tQ 

-60‘’C 

6.0  ns 

5.6  ns 

-20''C 

5,2  ns 

0“C 

5.5  ns 

20''C 

5.5  ns 

40"C 

5.5  ns 

BOX 

5.9  ns 

BOX- 

6.1  ns 

lOOX 

6.5  ns 

gate  acts  as  a  driver  to  provide  a  pulse  to  the  following  stages.  The  time  ) 
between  the  midpoint  voltage  shifts  at  the  second  gate  Input  and  the  third  gate  output 
are  measured  on  an  oscilloscope,  and  the  propagation  delay  per  stage  (fo)  Is  de¬ 
fined  as  A//2.  For  gates  with  fan-out  of  one,  tp  Is  about  5.5  ns,  and  for  gates  with 
fan-out  of  three,  tp  is  about  6.3  ns.  For  the  Integrated  gates,  tp  varies  only 
slightly  with  temperature.  Typical  results  for  tp  as  a  function  of  temperature  for 
a  fan-out  of  one  are  tabulated  in  Table  5-1. 

These  values  of  tp  are  typical  for  the  Integrated  LLL  gates  Incorporating 
silicon  resistors.  However,  It  should  be  pointed  out  that  in  actual  systems  use, 
where  output  pulses  may  need  to  be  transmitted  appreciable  distances,  parasitic 
elements  must  be  minimized  to  ensure  similar  average  propagation  delay  times. 


5.3  LEVEL  SHIFTER  MEASUREMENTS 

Economies  may  often  be  achieved  without  loss  In  performance  by  simplification 
of  the  circuit  or  Its  components.  Thus,  simplification  of  the  Integrated  LLL  gates 
(Fig.  21)  has  been  achieved  by  the  combining  of  two  resistors  on  one  chip,  with 
negligible  loss  In  performance.  The  use  of  a  single-  or  double -junction  level 
shifter  in  place  of  the  triple- junction  unit  often  used  represents  a  further  desirable 
simplification. 

Accordingly,  an  experimental  investigation  of  the  rie  margins  for  the  LLL  gate 
comprised  of  planar  computer  diode  Inputs,  single-,  double-  or  triple-junction 
level  shifters,  and  a  planar  epitaxial  (2N914)  output  transistor  has  been  made.  In 
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addition,  the  stored  charge  and  switching  times  for  several  2N914  transistors  have 
been  measured.  The  experimental  results,  outlined  below,  indicate  that  the  im¬ 
proved  performance  of  the  epitaxial  transistor  does  permit  substantial  simplifica¬ 
tion  of  the  level  shifter  design. 

5.3.1  DC  Margin  Measurements 

Referring  to  the  LLL,  NAND  gate  of  Fig.  23,  if  all  the  voltages  on  the 
input  diodes  are  high,  current  is  directed  through  the  level  shifter  into  the  base  of 
the  transistor,  which  saturates  and  provides  a  low  voltage  at  the  output.  On  the 
other  hand,  if  one  of  the  input  voltages  is  low,  current  is  directed  away  from  the 
point  A  through  the  low  input.  The  voltage  at  A  is  however,  not  zero,  but  the  sum 
of  the  input  voltage  and  the  drop  across  the  input  computer  diode.  The  primary 
function  of  the  level  shifter  is  to  prevent  the  voltage  at  A  from  continuing  to  main¬ 
tain  the  saturation  base  drive  for  the  output  transistor. 


V,  Va 

(a4V)  (4.5V) 


Fig.  23  -  Low-lovol  logic  gate 


The  Input  voltage  plus  the  computer  diode  drop  must  be  greater  than  the 
sum  of  the  voltage  drop  across  the  level  shifter  and  the  base- emitter  drop  of  the 
output  transistor  In  the  on  state,  if  base  drive  is  to  be  sufficient  to  turn  on  and 
maintain  the  output  transistor  in  saturation.  To  evaluate  dc  margin  requirements, 
the  input  voltage  required  (Kin*)  to  drop  the  output  transistor  collector  0.5  volts 
from  Its  normal  high  value  of  4.5  volts  is  calculated  from  measurements  of  com¬ 
puter  diode,  level  shifter,  and  transistor  voltage  drops.  This  value  of  Kin*  may 
then  be  compared  with  the  input  driving  transistor  Van  to  determine  input  margins. 

For  the  circuit  of  Fig.  24, 

Kin*  =  KflE  +  Vls(Ils)  - '^enUen)  (1) 

where 

Kfl^  =  base  emitter  voltage  for  an  output  voltage  (Kqui  )  of  4.0  volts 

^LS  =  base  current  required  for  Kout  =  4.0  volts 

^  LS  =  voltage  across  level  shifter  for  a  forward  current  of 

Ven  =  voltage  across  computer  diode  for  a  forward  current  of  /cD- 
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Fig.  24  -  DC  voltages  and  currents  in  an  LLL  gate 


Il£  and  Vbe  have  been  determined  experimentally  as  functions  of 
temperature  for  several  transistors,  as  indicated  by  the  circles  in  Figs.  25(a)  and 
25(b).  Vi^  can  be  read  off  experimentally  determined  1  -V  characteristics  for 
level  shifters  once  I  is  is  determined,  and  Ven  may  be  determined  from  meas¬ 
ured  average  computer  diode  characteristics. 


Fig.  25  -  Ij^g  and  Vjjj.  for  Vq£  =  4  volts 


46 


Fig.  26  -  Vin*  for  LLL  gate  using  single-,  double-, 
or  triple-junction  level  shifter 


These  operations  have  been  performed,  and  Ki,/  has  been  computed 
from  Equation  (1)  assuming  a  pessimistic  value  of  /j  =3  ma.  The  results  are 
summarized  In  Fig.  26,  where  is  plotted  as  a  function  of  temperature  for 
single-,  double-,  and  triple-junction  level  shifters. 

The  dc  Input  margin  depends  on  the  saturation  voltage  of  the  transistor 
driving  the  gale  Input.  For  the  2N914  epitaxial  transistor,  the  saturation  voltage 
(/a  =1  ma,  Ic  =  30  ma)  Is  0.25  volts  or  less  and  essentially  Independent  of  tem¬ 
perature.  It  can  be  seen  from  Fig.  26  that  a  single-junction  level  shifter  provides 
some  dc  margin  even  at  80*  C.  However,  If  substantial  input  noise  protection  is 
desired,  a  double-junction  level  shifter  Is  necessary.  A  triple-junction  shifter  is 
probably  not  necessary  except  for  special  situations.  It  Is  worth  noting  that  the 
input  margin  offered  by  the  double-junction  shifter  used  with  an  epitaxial  transistor 
is  almost  as  great  as  that  for  a  triple-junction  shifter  —  nonepltaxial  transistor 
combination. 

Finally,  it  should  be  pointed  out  that  decreasing  the  number  of  level 
shifter  junctions  decreases  the  voltage  required  to  keep  the  output  transistor  in 
the  on  state,  and  therefore  improves  the  dc  margin  for  the  input  off  condition. 
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5.3.2  Charge  Measurements 

Another  requirement  on  the  level  shifter  performance  in  the  gate  of 
Fig.  23  is  that  during  a  switching  transient  the  impedance  of  the  level  shifter  must 
remain  low  while  the  transistor  is  being  turned  off.  This  allows  a  greater  reverse 
base  drive  and  hence  faster  switching.  This  requirement  is  satisfied  if  the  charge 
stored  in  the  level  shifter  is  substantially  greater  than  the  charge  stored  in  the 
output  transistor . 

The  stored  charge  measured  for  epitaxial  transistors  is  substantially 
less  than  for  nonepitaxlals,  as  indicated  in  Fig.  27,  which  compares  stored  charge 
as  a  function  of  collector  current  for  a  2N560  and  several  2N914  transistors. 

Fig.  28,  the  measured  storcd-charge  forward-current  characteristics  for  two  types 
of  level  shifter  is  indicated.  Curve  I  is  for  a  triple-junction  level  shifter  satisfac¬ 
tory  for  use  with  a  transistor  like  the  2N560,  and  Curve  II  is  for  a  single-junction 
shifter,  for  use  with  a  2N914. 


Fig.  27  -  Stored  charge  as  a  function  of  base  current 
and  collector  current  for  epitaxial  (2N914) 
and  non-cpitaxtal  (2N014)  transistors 


Fig.  28  -  Stored  charge  as  a  function  of  current 
for  level  shifter  diodes 


The  charge  stored  in  a  level  shifter  diode  is  a  function  of  the  minority 
carrier  lifetime  near  the  p-n  junction.  The  lifetime  is  in  turn  dependent  on  re¬ 
combination  centers  introduced  during  the  processing  of  the  device.  Special 
processing  techniques  are  required  to  produce  tlic  long  lifetime  and  relatively 
large  stored  charge  associated  with  devices  like  those  represented  by  Curve  I, 
whereas  production  of  devices  with  characteristics  like  those  of  Curve  11  can  be 
produced  with  more  conventional  techniques. 

Thus,  the  use  of  the  epitaxial  transistor  in  the  LLL  gate  substantially 
reduces  the  stored-charge  requirement  for  the  level  shifter,  and  simplifies  its 
fabrication, 

5.3,3  Switching  Time  Measurements 

The  switching  times  of  LLL  gates  witJi  single-  and  double-junction  level 
shifters  have  been  measured  over  the  temperature  range  from  25  to  80*  C.  As 
might  be  expected,  the  turn-on  times  for  both  kinds  of  shifter  are  similar  (about 
seven  nanoseconds)  but  the  turn-off  time  is  slightly  shorter  with  the  double -Junction 
shifter  (20  ns  as  compared  to  24  ns).  Temperature  dependence  of  turn-on  and 
turn-off  times  is  small. 


5.4  CONCLUSIONS 

Propagation  delay  per  stage  has  been  determined  for  integrated  LLL  gates 
using  silicon  resistor  chips.  Values  of  several  nanoseconds  arc  obtained  at  operat¬ 
ing  temperatures  from  -60*  C  to  +100’  C. 


with  planar  epitaxial  transistors  a  two- junction  level  shifter  provides  almost 
the  same  input  margin  as  a  three- junction  level  shifter,  nonepitaxial  combination. 
The  epitaxial  transistor  also  permits  a  reduction  in  stored  charge  required  for 
the  level  shifter,  a  factor  leading  to  simpler  device  processing. 

Reduction  in  the  number  of  level  shifter  junctions  results  in  an  almost  negli¬ 
gible  loss  in  turn-off  speed. 
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SECTION  5  -  CONCLUSIONS 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 

Control  of  fabrication  processes  for  the  0.25  watt,  1  Gc  transistor  has  been 
improved.  Units  now  have  lower  power  gain  at  1  Gc  than  ones  previously  made.  A 
systematic  investigation  of  the  cause  must  be  carried  out  so  that  the  performance 
may  be  improved. 

The  evaporated  oxides  used  for  planar  structures  have  pin  holes  and  low  break 
down  after  heat  treatment.  Refined  evaporation  techniques  and  cleaning  procedures 
must  be  established  to  improve  them.  The  use  of  thermally  deposited  oxides  and 
photolithographic  techniques  for  control  of  surface  geometries  appear  to  offer  ad¬ 
vantages  over  evaporated  oxides.  The  fca.sibillty  of  their  use  in  the  microwave 
transistors  should  be  investigated. 

Epitaxial  germanium  still  does  not  consistently  sustain  the  same  breakdown 
field  and  offer  the  same  resistance  to  burnout  as  bulk  germanium.  Improvements 
in  material  are  still  needed. 

Improvement  in  metallzlng  of  beryllla  parts  for  the  power  coaxial  header  Is 
also  required  before  bond  strengths  equivalent  to  those  obtained  with  other  ceram¬ 
ics  are  obtained. 

The  base  resistance  in  the  equivalent  circuit  of  microwave  power  transistors 
should  be  represented  by  a  complex  Impedance  duo  to  the  distributed  nature  of  the 
bypassing  effect  of  the  forward-biased  emitter  Junction  and  the  feedback  of  the 
collector-junction  capacitance. 

In  the  design  of  diffused-hase  transistors  with  lightly  doped  collector  barriers 
(l.e.  over  1  ohm-cm)  published  data  on  breakdown  voltage  should  not  be  used  to 
compute  avalanche  multiplication.  Higher  multiplication  has  been  found  in  devices 
with  lightly  doped  collector  barrier  regions,  The  multiplication  is  not  a  surface 
effect  or  due  to  microplasmas,  but  appears  to  be  a  true  multiplication  of  Injected 
current. 


TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEGRATED  CIRCUITS 

Input  margins  for  LLL  gates  using  single-,  double-,  or  triple-junction  level 
shifter  diodes  and  2N914  transistors  have  been  established.  Use  of  the  2N914  im¬ 
proves  dc  margins  substantially,  and  reduces  the  stored-charge  requirement  on 
the  level  shifter. 

Propagation  delay  times  have  been  determined  for  the  integrated  two-diode 
input  gates  described  in  the  previous  report,  which  Incorporate  diffused-sllicon 
resistors.  Delay  per  stage  is  about  8  ns,  and  V’aries  only  slightly  wltli  tempera¬ 
ture. 
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SECTION  6  -  PROGRAM  FOR  THE  NEXT  INTERVAL 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 
During  the  next  quarter  the  following  will  be  stressed: 

1.  A  systematic  study  of  the  low  gain  problem  in  the  0.25  watt  transistors,  and 
Improvement  of  gain. 

2.  Continuation  of  model  fabrication  to  maintain  the  facility  for  consistent  pro¬ 
cessing. 

3.  Refinement  of  technique.^  for  depositing  oxides  and  electrodes. 

4.  Investigation  of  photolithographic  techniques  for  making  the  proposed  planar 
structures. 


TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEGRATED  CTRCUITS 

Exploratory  work  on  the  Integration  of  silicon  or  film  resistors  with  semicon¬ 
ductor  chips  will  he  continued. 

Development  and  design  of  semiconductor  chips  for  Integrated  circuits  will  con 
tinue. 
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